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ABSTRACT 
Microtubule plus ends are occupied and controlled by a special group of 
proteins. The first microtubule plus end tracking protein to be described was human 
CLIP- 170, a member of a conserved protein family. In spite of the large number of 
studies devoted to the CLIP proteins their function is still poorly understood, 
especially in the context of a developing metazoan organism. 
In order to study the function of CLIP- 190 in Drosophila development, two 
P-element insertion alleles were characterised. They were found to be hypomorphic, 
decreasing the expression of the gene, which, however, had no effect on fly viability 
or development. Other efforts to disrupt CLIP-190 demonstrated that flies are 
tolerant to substantial deviations from the normal levels of the protein. 
Studies of the subcellular behaviour of CLIP- 190 in Drosophila cell culture 
revealed its distinct localisation during the cell cycle. Its interphase microtubule plus 
end binding ability was found to depend on the presence of another microtubule 
regulator, EB 1, and a direct interaction between the two proteins was demonstrated. 
In prometaphase CLIP- 190 localises to unattached kinetochores, which depends on 
the Dynein-Dynactin complex and associated proteins. The cell cycle regulation of 
CLIP- 190 was investigated and several possible regulators were tested. 
An RNAi screen in Drosophila cell culture was undertaken to identify new 
microtubule regulators. Thirty proteins were selected on the basis of their ability to 
bind to microtubules or tubulin. Their systematic depletion in tissue culture cells, 
followed by immunofluorescence examination of the mjcrotubule cytoskeleton 
identified four proteins required for normal microtubule organisation. 
This study revealed the molecular mechanisms that control the localisation of 
CLIP-190 during the cell cycle and identified four new microtubule regulators. It 
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Chapter 1 	 INTRODUCTION 
1.1 	The Microtubule Cytoskeleton 
Microtubules are essential components of the eukaryotic cytoskeleton. They 
are fibrous cytoplasmic polymers performing a wide variety of cellular functions. In 
order to fulfil their diverse physiological roles they build various structures in the. 
different cell types (Figure 1.1). In dividing cells, they form the mitotic spindle, a 
dynamic machine that accurately and faithfully segregates the chromosomes into the 
daughter cells. In many nondividing cells, microtubules form arrays with defined 
orientation, which are required for the establishment and maintenance of cell 
polarity. These polarised microtubules are used as tracks, along which microtubule-
based motors travel, transporting RNA, proteins, vesicles or organelles. In highly 
specialised cells, microtubules can be organised into complicated structures like 
flagella and cilia, which are force-generating organelles that promote and direct cell 
movement. This versatility of microtubules is only possible because of their dynamic 
nature and intricate design. 
1.1.1 	Structure Of Microtubules 
Microtubules are hollow cylindrical tubes with a 25nm diameter (see Figure 
1.2). They are polymers composed of a--tubulin dimers. The a- and 13-tubulin 
subunits are related and are 50% identical at the protein sequence level (Bums, 
1991). These monomers are assembled into a stable a-13  tubulin dimer by a 
specialised and regulated pathway involving the so-called tubulin folding cofactors 
(Lopez-Fanarraga et al., 2001, Szymanski, 2002). The dimers polymerise in a head-
to-tail fashion and in the microtubule they are organised in linear protofilaments, 
which associate laterally with each other (Amos and Klug, 1974). Most microtubules 
assembled in vitro have 14 protofilaments, but microtubules in vivo are 
predominantly composed of 13 protofilaments (Evans et al., 1985). The latter are 
aligned relative to each other in such a way that all the lateral monomer contacts are 
a-a and f3-13, except between one pair of protofilaments, where the contacts are 
and 13-a (Mandelkow et al., 1986, Song and Mandelkow, 1993, Kikkawa et al., 
1994). This boundary is called the seam (see Figure 1.2). The protofilaments are 
1 
Figure 1.1 Organisation and functions of the microtubule 
cytoskeleton 
Microtubules (in red) perform many important functions in cells. For 
that purpose they are able to organise themselves into different structures. In dividing 
cells microtubules build the essential mitotic spindle (top left). Many nondividing cells 
have a radial array of microtubules (top right). In activated migrating fibroblasts 
microtubules provide the necessary polarisation (middle left) and in other motile cells 
rnicrotubules are organised into specialized force-generating organelles like flagella and 
cilia (middle right). In neurons microtubules make long thick bundles that span the long 
axons providing mechanical support and tracks for long-distance transport of vesicles 
and organelles (bottom). 
2 
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Figure 1.2 Microtubule structure 
Microtubules are hollow tubes with helical structure composed of a - 13 
tubulin dimers. The dimers polymerise in a head-to-tail fashion to produce a polar 
polymer (microtubule) with 25nm outer and I 7mn inner diameter. All the lateral 
interactions between tubulin subunits from neighboring protofilaments are ct-ct and 
except for 1 pair of protofilaments, between which the interactions are ot-P and n-a. 
This boundary is the so-called "seam". The polar microtubules have -tubu1in exposed 
at the more dynamic, "plus" end and a-tubulin at the "minus" end, which is intrinsically 
less dynamic. In vivo microtubules consist of 13 protofilaments or three 3-start helices. 
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slightly shifted relative to each other along the longitudinal axis, so that lateral 
monomer contacts in that lattice are at an angle of 100.  This results in a helical 
organisation, with a rise of three monomers per turn (Figure 1.2). 
The a-13 tubulin heteroduplex was originally identified as a coichicine-
binding protein, which copurifies with 2 moles of GTP per mole a-13  dimer 
(Weisenberg et al., 1968). It was established that each of the monomers is complexed 
with a GTP molecule. However, whereas GTP is bound to a-tubulin in a non-
exchangeable site (called the N-site) and is not affected by polymerisation, GTP in 3-
tubulin is bound at an exchangeable site (or F-site) and is hydrolysed to GDP shortly 
after the dimer gets incorporated into the microtubule lattice (David-Pfeuty et al., 
1977, MacNeal and Punch, 1978). While inside the microtubule lattice the 13-tubulin 
does not exchange its GDP, and only after depolymerisation the GDP is exchanged 
with GTP and the dimer can polymerise again. This results in a small cap of f3-
tubulin-GTP at the end of a polymerising microtubule, while the body of the 
microtubule contains 13-tubulin-GDP. 
The head-to-tail addition of the a-f3 tubulin dimers at the microtubule ends 
results in intrinsic polarity of microtubules with f3-tubulin exposed at one end and a-
tubulin at the other. This polarity also affects the in vitro polymerisation of the two 
ends with the faster growing end being called the plus end and the slower growing 
end, the minus end (Allen and Borisy, 1974). Several lines of research have 
demonstrated unambiguously that the 13-tubulin end is the plus end and the a-tubulin, 
the minus end respectively (Mitchison, 1993, Hirose et al., 1995, Fan et al., 1996). 
1.1.2 	Microtubule Dynamic Instability 
Probably the most exciting and characteristic feature of microtubules is their 
dynamicity. The ability to disassemble one microtubule structure and build an 
entirely new one within minutes in a manner controlled in space and time is essential 
for cells to adapt quickly and adequately to new requirements of the environment. 
This is possible because of the intrinsic quality of microtubules called dynamic 
instability. 
Dynamic instability was first described by Mitchison and Kirschner as the 
behaviour of microtubules polymerised from pure tubulin to continuously grow by 
rd 
polymerisation or shrink by rapid depolymensation and oscillate between these two 
modes without reaching a steady state (Mitchison and Kirschner, 1984a, Mitchison 
and Kirschner, 1984b). The switch from growing to shrinking is called a catastrophe 
and from shrinking to growing, a rescue. So the dynamic instability of microtubules 
can be described by four parameters: the polymerisation and depolymerisation rates 
and the catastrophe and rescue frequencies. The direct observation of microtubule 
dynamic instability by real time microscopy both in vitro and in vivo (Horio and 
Hotani, 1986, Cassimeris et al., 1988, Sammak and Borisy, 1988, Walker et al., 
1988, Belmont et al., 1990) has confirmed the existence of this phenomenon and 
established it as the normal behaviour of microtubules growing under physiological 
conditions. 
1.1.2.1. 	Energy Cost And Force Of Dynamic Instability 
Dynamic instability is a process far from thermodynamic equilibrium and is 
accompanied by a considerable energy loss. The energy is provided by the hydrolysis 
of GTP by -tubulin after its inclusion in the microtubule lattice. Studies using 
nonhydrolysable GTP homologs have unambiguously shown that GTP hydrolysis is 
not required for microtubule polymerisation (Kirschner, 1978, Mejillano et al., 1990, 
Hyman et al., 1992). However, microtubules polymerised in such conditions were 
much more stable and depolymerised 10,000 times more slowly than the GDP -
microtubules (Vale et al., 1994, Mickey and Howard, 1995). It was determined that 
all the free energy released from the GTP hydrolysis was stored in the microtubule 
polymer as mechanical tension (Caplow et al., 1994). Release of this energy can 
generate big mechanical force, which can be harnessed by cells into useful work. 
Early estimates of the forces generated by a single microtubule were in the order of 
35 pN pushing force by a polymerising microtubule and 60 pN pulling force by a 
depolymerising microtubule (Desai and Mitchison, 1997). These estimates were later 
confirmed by more detailed and precise mathematical models (Molodtsov et al., 
2005) and most recently by a direct measurement of the microtubule 




1.1.2.2. 	 The Cap Structure 
Because of the large structural strain in the body of microtubules, 
polymerisation is only possible if the ends are stabilised. In the initial model for 
dynamic instability it was suggested that the ends of microtubules might be stabilised 
by a GTP-tubulin cap, in which hydrolysis to GDP had not yet occurred (Mitchison 
and Kirschner, 1984a). Although there is still an argument as to what is the real 
chemical nature of the cap, i.e. GTP or GDP-Pi (Panda et al., 2002, Caplow and Fee, 
2003), it is now generally accepted in the field that a cap of either form, which might 
be as little as a single layer of tubulin dimers, stabilises the ends of polymerising 
microtubules in vitro as well as in vivo. 
Evidence for a specific and distinct structure at microtubule ends during 
growth and shrinkage was obtained using electron microscopy. It was demonstrated 
that the ends of polymerising microtubules had long flat sheets of protofilaments, 
which were not yet folded into the cylindrical body of the microtubules (see Figure 
1.3), while depolymerising microtubule ends displayed fraying protofilaments that 
curved outwards, peeling off the polymer (Chretien et al., 1995, Tran et al., 1997). It 
was also shown that addition of a microtubule destabilising agent into extracts led to 
a decrease in length and occurrence of the flat protofilament sheets, while there were 
more frayed ends (Amal et al., 2000). These more dynamic microtubules also had a 
higher occurrence of blunt ends, which led to the idea of an intermediate 
"metastable" state (see Figure 1.3) that appeared during a rescue or a catastrophe 
transition. 
1.1.2.3. 	 Dynamic Instability In Vivo 
The major purpose of dynamic instability and its high energy price in vivo is 
to enable the quick and efficient remodelling of the microtubule cytoskeleton during 
the processes of cell division and cell differentiation. The idea of "selective 
stabilisation" proposed by Kirschner and Mitchison (Kirschner and Mitchison, 1986) 
explains how dynamic instability can promote certain microtubule organisations. The 
idea, now better known as the "search and capture" model (Holy and Leibler, 1994), 
states that a population of dynamic microtubules would probe the cytoplasmic space 











Figure 1.3 Dynamic nature of microtubules 
A: The structure of the plus end is related to the dynamic state of the 
microtubule. Microtubules polymerise in vivo by addition of aGTP-tubulin dimers to 
plus ends in the form of open sheets of protofi laments. In the microtubule lattice the 
GTP is hydrolysed to GDP, which results in a cap of GTP-tubulin only at the 
polymerising plus ends. Shrinking microtubules have curved olygomers "peeling off' as 
they depolymerise. There are frequent changes from growth to shrinkage (catastrophes) 
and the vice versa (rescue). Hypothesised is the existence of a transitory paused state. 
B: Microtubule minus ends are usually less dynamic in vivo. They are normally capped 
by y-tubulin ring complexes (y-TuRCs) - the major microtubule nucleator in cells and 
are often immobilised in microtubule organising centres (MTOCs) like the centrosome 
(in C:). 
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target would become selectively stabilised and protected against catastrophe. They 
would with time accumulate into a polarised microtubule array (e.g. a mitotic 
spindle). The stabilisation could occur either through a direct capture of the plus end 
or through a local gradient of a diffusible stabilising agent. 
Although (as mentioned above) dynamic instability has been verified to exist 
in vivo, its parameters in live cells are clearly different from those in vitro. Firstly, 
unlike in vitro, minus ends in vivo are usually capped and are rarely polymerising 
(Figure 1.3, B and Q. Secondly, the microtubule polymerisation rates and transition 
frequencies in vivo are substantially greater than the corresponding parameters of 
microtubules polymerised in similar concentrations of pure tubulin (Cassimeris, 
1993). Finally, microtubule dynamics vary between cell types and change during the 
cell cycle. For instance mitotic microtubules are generally about 10 times more 
dynamic than those in interphase (McNally, 1996). All of the above differences 
indicate that unlike in vitro, microtubule dynamics in cells are strictly coordinated in 
space and time in order to serve the requirements of a particular cell. That control is 
mainly achieved through a large group of regulating factors called microtubule 
associated proteins (MAPs). 
1.2 	Microtubule Regulation By Microtubule Associated Proteins 
Microtubule associated proteins (MAPs) were originally described as proteins 
that cofractionated stoichiometrically with microtubules through cycles of 
polymerisationldepolymerisation and stimulated microtubule assembly in vitro 
(Borisy et al., 1975, Murphy and Borisy, 1975). In a later study MAPs were defined 
as proteins that bind to microtubules in vivo (Solomon et al., 1979) and there have 
been several other definitions since. For the purpose of this introduction I will 
concentrate only on the MAPs that bind directly to microtubules and/or tubulin 
dimers and affect microtubule behaviour. 
The large number and variety, of MAPs identified at present can be divided 
into two major groups: motor MAPs, defined by their force-generating motor 
domain, and a more structurally diverse group of MAPs that lack a motor domain, 
known as nonmotor MAPs. 
N. 
1.2.1 	Motor MAPs: Discovery, Types And Functions 
Motor MAPs (also known as microtubule motors) are molecular machines 
that use their enzymatic motor domains to convert chemical energy into mechanical 
force in the order of 1-lOpN (Svoboda and Block, 1994, Mallik et al., 2005). The 
energy released by ATP hydrolysis generates a conformational change in the ATP-
binding site of the motor domain. This conformational change is transferred and 
amplified along the molecule to the microtubule-binding site, resulting in a 
translocation along the polymer. Since microtubules are polar structures this 
translocation is directional, either towards the plus end or towards the minus. On this 
basis motor MAPs are classified as plus-end-directed motors and minus-end-directed 
motors, respectively. 
There are two major groups of microtubule motors, defined by their different 
motor domains, the Dynein motors and the Kinesin motors. 
1.2.1.1. 	 The Dynein Family Of Motor MAPs 
Dynein was initially identified as the ATPase required for ciliary and flagellar 
motion more than 40 years ago (Gibbons and Rowe, 1965). Today it is known that in 
higher eukaryote genomes there are 10-15 genes for axonemal dyneins, all of which 
are involved in the building and force generation of cilia and flagella. In comparison 
there are only two cytoplasmic Dyneins, which serve as free motors, transporting 
cargo along microtubules. One of them, known as cytoplasmic Dynein 2 (or 1 b) is 
mainly involved in retrograde intraflagellar protein transport and is required for the 
proper assembly and maintenance of flagella and cilia in various organisms (Pazour 
et al., 1999, Porter et al., 1999). The other one, called cytoplasmic Dynein 1, is 
expressed ubiquitously and is conserved throughout evolution. 
Cytoplasmic Dynein 1 is a minus end directed microtubule motor. It is a large 
protein - 500 kDa containing 6 AAA ATPase domains. Its secondary structure is 
very complex (Mallik and Gross, 2004, Oiwa and Sakakibara, 2005), additionally 
complicated by interactions with several smaller subunits to produce the core motor 
protein, which is in turn normally associated with Dynactin, a multisubunit complex 
known to increase Dynein motor processivity (King and Schroer, 2000), and several 
other associated proteins. All this structural complexity is required to allow for 
multiple levels of regulation. Fine-tuning of the various modes of Dynein activity is 
essential because of the numerous diverse roles it serves in cells (Oiwa and 
Sakakibara, 2005). 
Dynein has a large number of functions in cells. Along with its standard but 
essential job in cellular trafficking of various cargos, it is involved in spindle 
positioning (Cottingham and Hoyt, 1997), centrosome separation (Gonczy et al., 
1999), RNA localisation and anchoring (Delanoue and Davis, 2005), spindle 
checkpoint inactivation in metazoans (Howell et al., 2001) and spindle organisation 
and function (Goshima et al., 2005, Morales-Mulia and Scholey, 2005) amongst 
many others. 
1.2.1.2. 	 The Kinésin Family Of Motor MAPs 
The first identified Kinesin protein was conventional Kinesin (Kinesin 1 or 
KIF5). It was isolated from squid giant axons as a putative plus-end-directed 
microtubule motor involved in anterograde axonal transport (Vale et al., 1985). 
Unlike Dynein, Kinesins are usually smaller proteins with simpler structure, where 
both the microtubule and the ATP binding sites are contained within the conserved 
Kinesin motor domain. This structural simplicity, however, is compensated by an 
enormous variety in types, composition and functions. Kinesins are found in all 
groups of eukaryotes, with 6 members in yeast, 25 in Drosophila and above 40 in 
humans. According to the modern classification, Kinesins are grouped into 14 
Kinesin families (Lawrence et al., 2004). Some of them function as monomers, 
others form homo or heterodimers, trimers or tetramers (Vale, 2003). Some are 
processive motors, others dissociate after one step. Most Kinesins are plus end 
motors, which is determined by the N-terminal position of their motor domain. 
Others, like the Kinesin 14 family members have a C-terminal motor domain and 
exhibit minus end directionality. Some Kinesins do not exhibit microtubule motility. 
Among the many functions performed by Kinesin motors are vesicle and 
organelle transport, nuclear migration, signal transduction, bipolar spindle formation, 
regulation of kinetochore-microtubule attachments, chromosome segregation and 
microtubule destabilisation (Miki et al., 2005). 
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1.2.2 Nonmotor Maps: A Diverse Group Of Microtubule Regulators 
This group of MAPs consists of a large number of structurally and 
functionally diverse proteins. They are usually classified on the basis of their effects 
on microtubule behaviour. Here I will outline some of the best-studied nonmotor 
MAPs and summarise their impact on microtubule dynamics. 
1.2.2.1. 	 Microtubule Stabilising MAPs 
This group unites proteins that induce microtubule stabilisation. Stabilisation 
means an overall increase in the amount of polymer. It could result from higher 
polymerisation rates, lower depolymerisation rates, an increase in the rescue 
frequencies, a decrease in the catastrophe frequencies or a promotion of nucleation 
(Figure 1.4). For many of these MAN the stabilisation effect has been analysed in 
vitro, for others there is data obtained in vivo. 
MAP1A and MAP1B are large mammalian neuronal proteins with similar 
structure. They were originally isolated in the same high molecular weight MAP 
fraction and considered to be 1 protein, but were later separated (Bloom et al., 1984). 
MAP 1A is found throughout neurons, but is enriched in dendrites. In vitro MAP 1A 
stabilises microtubules by stimulating nucleation and elongation of microtubules 
(Pedrotti and Islam, 1994). MAP 1 B is enriched at distal ends of axons and has a 
similar effect to MAP 1A on in vitro microtubule dynamics. 
Mammalian MAP2 is a heat-stable large neuronal MAP, which localises 
specifically to dendrites. It promotes nucleation, increases growth and decreases 
shrinkage rate, suppresses catastrophes and elevates rescues. Injection of MAP2 
stabilises microtubules in live cells (Dhamodharan and Wadsworth, 1995). 
Tau is a smaller brain-specific MAP in mammals with multiple isoforms, all 
of which localise to axons. In vitro tau suppresses catastrophes, increases growth rate 
and reduces shrinkage rate. In vivo expression of Tau in nonneuronal cells induces 
axon-like extensions (Esmaeli-Azad et al., 1994). 
MAN is a nonneuronal MAP isolated from HeLa cells, which has a similar 
C-terminus to tau and MAP2. However, it stabilises microtubules differently, by 
vastly increasing the rescue frequency -'30 times. In vivo overexpression experiments 
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Figure 1.4 MAPs regulate microtubule dynamics in different ways 
In this figure are presented some of the ways in which MAN can 
interact with microtubules and regulate their behaviour. Stabilising MAN are in yellow 
and destabilising are in blue. A: Some stabilising MAN bind to growing plus ends and 
prevent catastrophes by protecting the cap structure or increase polymerisation rate by 
promoting dimer integration. Destabilising NIA-Ps act in the opposite way. B: MAN 
can induce rescues or slow the shrinking rate at depolymerising plus ends by acting 
against the fraying of the curved protofilaments. Again destabilisers would work in the 
opposite direction. C: Sequestering factors like Stathmin can deplete tubulin dimers by 
bindig to them. D: MAN can bind to the side of the microtubule lattice and stabilise or 
destabilise lateral protofilament connections, which results in slower or faster 
depolymerisation. E: Others like katanin can sever microtubules. 
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XMAP215 was first isolated from Xenopus egg extracts as a plus end 
growth-promoting factor (Gard and Kirschner, 1987). Now it is known to be 
conserved throughout all groups of eukaryotes and considered to be a major in vivo 
regulator of microtubule dynamics. It increases the polymerisation rate 7-10 times, 
depolymerisation rate 3 times and entirely suppresses rescues in vitro with negligible 
effect on minus end dynamics, resulting in long and very dynamic microtubules 
(Vasquez et al., 1994). The in vivo functions of the XMAP215 homologs are mostly 
in regulating interphase microtubule dynamics and maintaining spindle shape and 
bipolarity both in mitosis and meiosis. Later, XMAP2 15 was independently isolated 
as a protein with powerful microtubule depolymerising activity in vitro (Shirasu-
ITiza et al., 2003). The authors tried to reconcile the apparent controversy with the 
microtubule growth-promoting effect of XMAP2 15 by proposing that both effects 
observed were a result of an intrinsic anti-pausing activity of the protein. This 
activity would prevent pauses or "micropauses" of microtubules by destabilising the 
paused conformation of the plus end, leading to either polymerisation or 
depolymerisation, depending on the cytoplasmic context. The anti-pausing activity 
was later clearly demonstrated for the Drosophila homologue Msps in vivo (Brittle 
and Ohkura, 2005). 
APC (Adenomatous Polyposis Coli) is a 310 kDa tumor suppressor protein, 
which is mutated in certain heritable forms of colon cancer. Its microtubule-binding 
C-terminus is often truncated in APC-related cancers. It has been shown to stabilise 
microtubules both in vitro and in vivo (Munemitsu et al., 1994, Zumbrunn et al., 
2001) and to associate with several other MAPs. Among many important cellular 
functions, APC is required for spindle dynamics, chromosome alignment and 
microtubule interactions with the cell cortex. 
EB1 was initially isolated as an APC interactor in a two-hybrid screen. It was 
later recognised that EB 1 is a microtubule-associated protein with an interesting 
behaviour of binding preferentially to microtubule plus ends only when they are 
polymerising (called microtubule-plus end tracking behaviour). Like XMAP215, 
EB1 is conserved in all eukaryotic organisms and is present in all cell types. The 
general in vivo function of the EB 1 homologs is to increase microtubule dynamicity 
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by increasing rescue and catastrophe frequencies (Tirnauer et al., 1999, Rogers et al., 
2002). 
CLIP-170 was the first microtubule-plus end tracking protein to be 
identified. Initially isolated as a nucleotide sensitive MAP, which accumulated at 
microtubule tips, it was later shown to localise specifically to microtubule plus ends 
and especially to polymerising ones (Rickard and Kreis, 1990, Diamantopoulos et 
al., 1999, Perez et al., 1999). CLIP proteins are conserved from yeast to humans and 
there are additionally some related proteins. They favour microtubule polymerisation 
in vivo by suppressing catastrophes (Brunner and Nurse, 2000) or promoting rescues 
(Komarova et al., 2002). 
Orbit is another example of a very conserved MAP present in all eukaryotic 
kingdoms. It was initially identified in Drosophila genetically in a screen for mitotic 
mutants (Inoue et al., 2000). Orbit mutants affected spindle organisation and 
chromosome segregation. The gene was cloned and found to encode a MAP that 
binds to microtubules in a GTP-dependent manner. The human homologs (CLASPs, 
Clip-ASsociated Proteins) were identified as interactors of CLIP- 170 that had a 
stabilising effect on microtubules (Akhmanova et al., 2001). Some of the major 
cellular functions Of Orbit/CLASP are in microtubule polarisation, microtubule-cell 
cortex interactions and regulation of kinetochore-microtubule dynamics. 
1.2.2.2. 	 Microtubule Destabilising MAPs 
This group consists of MAPs that destabilise microtubules. Destabilisation 
means favouring subunit loss from the polymer or general decrease in the amount of 
polymer. This can be achieved by decreasing polymerisation rates, increasing 
depolymerisation rates, suppressing rescue frequencies, promoting catastrophe 
frequencies or inhibiting nucleation (see Figure 1.4). Two additional mechanisms 
may contribute to destabilisation. Sequestering free tubulin dimers from the 
cytoplasmic pool leading to a reduction in their effective concentration and severing 
of microtubules, resulting in exposure of unprotected ends and rapid 
depolymerisation (see Figure 1.4). Both of these mechanisms are used in cells. 
Stathmin (also called oncoprotein 18 or Op 18) is a cytosolic 18 kDa 
phosphoprotein originally identified for its increased expression in acute leukaemia 
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and complex phosphorylation pattern in response to external stimuli. Later it was 
independently identified as a microtubule destabilising protein in Xenopus egg 
extracts, which promotes catastrophes (Belmont and Mitchison, 1996). Stathmin is a 
soluble protein, which binds 2 tubulin dimers per molecule of Stathmin but does not 
bind microtubules. It sequesters the free tubulin dimers from polymerising and 
induces catastrophes. The sequestering and catastrophe activities, however, can be 
separated by changes in pH or using Stathmin truncations (Howell et al., 1999b), 
which implies additional mechanisms for microtubule destabilisation. Reduction of 
Stathmin levels in live cells results in a decrease in catastrophes and an increase in 
total microtubule polymer (Howell et al., 1999a). 
Katanin is the best-characterised MAP with microtubule severing activity, 
conserved in plants and animals, but not in yeast. It is a dimer of two subunits, p60 
and p80. The p60 subunit utilises energy from ATP hydrolysis by its AAA ATPase 
domain to break bonds within the microtubule polymer. This results in severing of 
the microtubule and exposing of new unprotected ends that immediately start 
depolymerising. Katanin plays a role in various cellular processes including mitosis, 
meiotic spindle positioning and many specific processes in differentiated cell types. 
XKCM1 is a member of Kinesin 13 family of Kinesins (formerly known as 
KinT) that do not display microtubule motility, but rather use their motor domains to 
generate energy for microtubule destabilisation. These proteins localise to both 
microtubule ends and increase catastrophe frequency and depolymerisation rate 
(Walczak et al., 1996, Desai et al., 1999, Hunter et al., 2003). Most metazoans have 3 
KinI Kinesins. It was recently demonstrated in Drosophila that 2 of them cooperate 
in a coordinated manner in microtubule depolymerisation both in mitosis and in 
interphase (Rogers et al., 2004, Mennella et al., 2005). 
K1p3 belongs to another Kinesin family, Kinesin 8 (previously referred to as 
Kip3/Kar3 family). This Kinesin family has been implicated in microtubule 
destabilisation and promotion of catastrophes on the basis that mutations of the S. 
cerevisiae and S. pombe homologs lead to abnormally long microtubules 
(Cottingham and Hoyt, 1997, Straight et al., 1998, Garcia et al., 2002). Additionally, 
the Drosophila homolog K1p67A can depolymerise all interphase microtubules if 
ectopically exported from the nucleus during interphase (Goshima and Vale, 2005). 
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Consistent with such powerful depolymerising activity, mutants in KLp67A display 
numerous mitotic defects resulting from abnormal microtubule regulation (Savoian 
et al., 2004, Gatt et al., 2005). 
1.2.3 	Methods For MAP Identification 
Microtubule associated proteins regulate microtubule dynamics, organisation 
and ultimately the functions of the microtubule cytoskeleton in cells. This has made 
it important to identify MAPs and study their effect on microtubule behaviour. 
Early investigations of MAPs involved biochemical purification from 
different tissues, based on their ability to bind to microtubules. MAPs were usually 
purified by cycles of temperature-dependent assembly/disassembly of microtubules 
(Borisy et al., 1975), by copunfication with taxol-stabilised microtubules (Vallee, 
1982) or by isolation with intact microtubule structures like mitotic spindles 
(Hirokawa et al., 1985). They were verified as MAPs by examining their effect on 
microtubule dynamics in vitro or by studying their localisation-to microtubule 
structures in cells by immunofluorescent staining (Vallee and Bloom, 1983, Kellogg 
et al., 1989). In modern times with the availability of sequenced genomes and 
powerful mass-spectrometry technology it has become possible to systematically 
identify proteins that bind to microtubules or tubulin (Mack and Compton, 2001). It 
has also become possible to identify MAPs bioinformatically, based on homology 
searches with sequences of known MAN from other systems (Goldstein and 
Gunawardena, 2000). The last has allowed the identification of virtually all motor 
MAPs in organisms with sequenced genomes, because Dyneins and Kinesins are 
easily identifiable by their conserved motor domains. 
Genetic screens have proved efficient in MAP discovery, especially screens 
for mutations affecting mitosis, because microtubule function is crucial and dictates 
many stages of this essential process (Gatti and Baker, 1989). MAPs have also been 
isolated by visual screens for proteins that localise specifically to the microtubule 
cytoskeleton (Manabe et al., 2002). Different high and low throughput RNAi screens 
have been successfully employed in MAP identification and the characterisation of 
the effect of MAPs on microtubule organisation and dynamics (Kiger et al., 2003, 
Srayko et al., 2005). 
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An interesting new tool in MAP research are the so-called "chemical genetic" 
screens. One of them was recently described, where the authors screened through 
—1500 purine derivatives to identify ones that affected normal spindle assembly in 
Xenopus egg extracts (Wignall et al., 2004). In 15 cases adding the purine analogue 
to the extract resulted in defective microtubule dynamics and "small-spindle" 
phenotype, however these analogues had no direct effect on tubulin polymerisation 
in vitro. The target of one of them called "diminutol" was purified biochemically and 
shown to be a quinone oxidoreductase. The effect of both the inhibitor and the 
enzyme on microtubule dynamics was further studied in vitro and in vivo. 
In conclusion, different complementing approaches are being used in 
microtubule research to identify and study microtubule regulators based on their 
ability to bind to microtubules, localise to microtubule structures in vivo and affect 
microtubule dynamics, organisation and function. 
1.2.4 Drosophila: A Powerful System In The Study Of Microtubule Regulation 
Drosophila melanogaster as a model system has been extensively used in 
the study of microtubule regulation and function for obvious reasons. Fruit flies are 
one of the oldest and best-established genetic models, with a well characterised and 
sequenced genome and a myriad of "classical genetic" and "molecular genetic" tools 
at hand for the Drosophila scientist. The short life cycle, well-studied development 
and relative ease, with which material for biochemistry can be produced make flies 
an attractive system for various types of research. Additionally, in this multicellular 
organism a multitude of cytological techniques are available for studying different 
cellular processes in tissues and cells in different developmental contexts. 
Considering all of these advantages, it is not surprising that Drosophila as a system 
has proved to be extremely successful in yielding knowledge of the processes of 
microtubule regulation. 
Drosophila was one of the first systems to provide a genetic dimension to 
the early studies on microtubule regulation (Fuller et al., 1989). Genetic screens for 
mutations in various processes mediated by microtubules have been useful in 
identifying microtubule regulators. Particularly successful have been the screens for 
cell division mutants. It was demonstrated that a large proportion of mutants 
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displaying various mitotic phenotypes define genes involved in the regulation of the 
spindle apparatus, i.e. microtubule regulation (Gatti and Baker, 1989). Following 
from this, mitotic and meiotic mutant screens in Drosophila have identified major 
microtubule regulators like Polo and Aurora, which control microtubule behaviour 
by direct regulation of multiple microtubule associated proteins throughout the cell 
cycle (Sunkel and Glover, 1988, Glover et al., 1995). Additionally, these screens 
identified many essential MAPs with powerful effects on microtubule regulation like 
Asp, Ncd, Pavarotti, Msps, Orbit and many others (Gonzalez et al., 1990, Matthies et 
al., 1996, Adams et al., 1998, Cullen et al., 1999, Inoue et al., 2000). Microtubule 
regulation and organisation have also been studied in Drosophila in relation to other 
microtubule-dependent processes like RNA localisation (Saxton, 2001), asymmetric 
cell division (Petritsch et al., 2003, Lee et al., 2005, Siegrist and Doe, 2005), etc. 
In recent years Drosophila cell culture has been increasingly popular in 
microtubule research. Cell lines like S2 cells have been found to produce very robust 
effects in dsRNAi silencing of gene expression (Clemens et al., 2000), which has 
been used for various RNAi-based screens, including "genome-wide" screens. A 
similar screen for genes involved in the control of cell morphology has identified a 
number of genes required for-correct microtubule organisation (Kiger et al., 2003). 
The cytology of S2 cells, which are small and rounded, has recently been greatly 
improved by the introduction of concanavalin A as a substrate for cell adhesion 
(Rogers et al., 2002). Cells adhere to con A-treated substrates, spread and flatten. 
Microtubules invade the newly formed periphery and organise in radial arrays with 
well-separated distal ends. This fact has been used for a number of very important 
studies of single-microtubule events (Rogers et al., 2004, Dzhindzhev et al., 2005, 
Goshima and Vale, 2005, Kural et al., 2005, Mennella et al., 2005, Morales-Mulia 
and Scholey, 2005). 
In conclusion, the advantages of Drosophila as a model system have made it 
a major tool in microtubule research. With the help of fruit flies we have gained 
significant knowledge and increased our understanding of the mechanisms of 
microtubule regulation. 
1.3 	Microtubute Plus-End-Binding Proteins 
IN 
The most dynamic part of the microtubule polymer is the plus end. Unlike its 
less active counterpart, the minus end, which is usually captured by the microtubule 
organising centre, the plus end displays dynamic instability in a proposed mechanism 
of "search and capture" of potential target sites. In this sense the plus end is 
functionally the most important part of the polymer and it dictates the behaviour and 
the fate of the entire microtubule. That is why it is not surprising that cells have 
evolved tools to control plus end behaviour. A highly specialised group of MAPs 
share the ability to specifically localise to microtubule plus ends and regulate from 
there microtubule dynamics and attachment to other cellular structures. 
CLIP-170 was the first protein, for which such a preference for plus ends was 
reported (Perez et al., 1999). A GFP fusion with CLIP-170 displayed comet-like 
localisation at growing microtubule tips. This specific accumulation at growing, but 
not shrinking microtubule ends was later called "plus-end-tracking", also known as 
"tip-tracking" behaviour and the proteins that displayed it, "plus-end-tracking 
proteins" abbreviated to "+TIPs" (Schuyler and Pellman, 2001). Today there is a 
large and growing group of proteins that have been reported to accumulate at 
microtubule plus ends (see Table 1. 5), which includes CLIP-170, pl50GI,  EB1, 
Lis I, APC, ACF7, XMAP215, the Kinil family of destabilising Kinesins and their 
homologs in different systems. For most of them a plus-end-tracking behaviour has 
been observed. 
1.3.1 	Mechanisms For Plus-End Localisation 
Several mechanisms .can account for long-term association with such a 
dynamic structure like the plus end. The first one named "treadmilling" occurs if a 
MAP has higher affinity for the plus end than the lattice of the microtubule. This 
results in plus-end association, coupled with gradual dissociation from the body of 
the microtubule. Such preference for the plus end could be due to higher affinity for 
tubulin dimers than the polymer, for GTP-tubulin than GDP-tubulin or for the open 
flat sheets of protofilaments. In any case, the result is a dynamic pool of protein with 
higher concentration at the polymerising tip. This has been the favoured mechanism 
for CLIP- 170 and EB 1 proteins. The second possibility is named "hitchhiking". An 
interacting partner of a +TIP would become a +TIP itself without a direct association 
19 
Effect on MT dynamics 	Selected 
Family 	Selected Homologs and capture 	 References 
CLIP-170 	CLIP-190(Dm), Biklp(Sc), promotes rescues (CLIP-170) 	 [1], [2], [3] 
Tiplp(Sp) 	 suppresses catastrophes (Tipip) 
cortical microtubule capture through 
IQGAP (CLIP- 170) 
p150°"' 	Glued(Dm) 	 promotes microtubule nucleation in vitro 	[4] 
(P15 oGlued) 
EBI 	DEB1(Dm), Bimlp(Sc), 	suppresses catastrophes (Mal3p) 	[5], [6], [7] 
Mal3p (Sp) 	 promotes catastrophes and rescues (DEB 1, 
Bimlp) 
CLASP 	Orbit(Dm), Stulp(Sc) 	microtubule stabilisation (CLASPs) 	[8], [9], [ 1 0], 
cortical microtubule capture (CLASPs) [11] 
kinetochore-microtubule attachment and 
dynamics (Orbit, CLASPI) 
Lisi 	Lisl(Dm), Paclp(Sc) 	suppresses catastrophes in vitro (Lisi) 	[12] 
APC 	DAPC1,DAPC2(Dm), 	promotes microtubule stabilisation, cortical [13], [14], 
Kar9(Sc)? 	 microtubule capture (APC) 	 [15] 
ACF7 	Kakapo(Dm) 	 microtubule stabilisation, cortical 	[16] 
microtubule capture (ACF7) 
XMAP215 	Msps(Dm), Stu2p(Sc) 	stabilising (XMAP215) 	 [17], [18], 
destabilising (XMAP2I5, Stu2p) 	[19], [20], 
anti-pausing (Stu2p, Msps) 	 [21], [22], 
[23] 
MCAKIKinI K1p1OA,K1p59C(Dm) 	microtubule destabilisation by promotion of [24] 
catastrophes and suppression of rescues 
(Kip 1OA, KIp59C) 
Table 1.5 Microtubule plus end binding proteins 
In the table are summarised some of the major microtubule plus end binding 
proteins (+TIPs), some of their homologs and their major functions in the regulation 
of microtubule dynamics and attachment. 
Selected References: 
[1]: (Komarova et al., 2002), [2]: (Brunner and Nurse, 2000), [3]:  (Fukata et al., 
2002), [4]: (Ligon et al., 2003), [5]:  (Busch and Brunner, 2004), [6]:  (Tirnauer et 
al., 1999), [7]:  (Rogers et al., 2002), [8]:  (Akhmanova et al., 2001), [9]: (Mimori-
Kiyosue et al., 2005), [10]: (Maiato et al., 2002), [11]: (Maiato et al., 2003), 
[12]: (Sapir et al., 1997), [13]: (Munemitsu et al., 1994), [14]: (Zumbrunn et al., 
2001), [15]: (Wen et al., 2004), [16]: (Kodama et al., 2003), [17]: (Gard and 
Kirschner, 1987), [18]: (Vasquez et al., 1994), [19]: (Tournebize et al., 2000), 
[20]: (Shirasu-Hiza et al., 2003), [21]: (van Breugel et al., 2003), [22]: (Kosco et 
al., 2001), [23]: (Brittle and Ohkura, 2005), [24]: (Mennella et al., 2005) 
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with the plus end. Indeed, although most +TIPs have microtubule-binding domains 
on their own, numerous interactions between them are also known. Some of them 
fail to accumulate on plus ends if the interacting +TIP is missing. Such is the case for 
KlplOA in the absence ofEBi (Mennella et al., 2005). Recently homologs of CLIP-
170 were also shown to require the presence of EB 1 for their plus-end accumulation 
(Busch and Brunner, 2004, Dzhindzhev et al., 2005, Komarova et al., 2005). At the 
same time p15 OGI,,d   and Lis 1 were demonstrated to require the presence of CLIP- 170 
(Coquelle et al., 2002, Lansbergen et al., 2004). These requirements suggest a 
hierarchy of binding and multiplicity of complexes at the plus end. 
The third possible mechanism for plus end localisation is by a plus end motor 
that would deliver the MAP to the microtubule end. This has been shown for the 
yeast homologs of CLIP-170, Tipip (S. pombe) and Bikip (S. cerevisiae). These 
proteins are transported to the plus end by the Kinesin motors Tea2p and Kip2p, 
respectively (Browning et al., 2003, Busch et al., 2004, Carvalho et al., 2004). In 
metazoans this mechanism has only been demonstrated for APC and Kinesin-2 
family members (Jimbo et al., 2002). 
Potential regulation of microtubule binding by phosphorylation has been 
suggested for some +TIPs. The G5K313 kinase was reported to phosphorylate APC 
and CLASP 1 and 2 and downregulate their affinity to microtubules (Akhmanova et 
al., 2001, Zumbrunn et al., 2001, Etienne-Manneville and Hall, 2003). Protein kinase 
A inhibits the microtubule binding 0f150GIued  (Vaughan et al., 2002), while 
phosphorylation of CLIP- 170 by mTOR positively regulates its microtubule 
association (Choi et al., 2002). 
1.3.2 Plus End MAPs Regulate Microtubule Dynamics And Attachment 
The major function of the +TIPs at microtubule plus ends of microtubules is 
to regulate microtubule dynamics and attachment. 
Most +TIPs have a stabilising effect on microtubule dynamics. Such is the 
case with the CLIP proteins, which have been shown to promote microtubule growth 
by either suppressing catastrophes or inducing rescues (Brunner and Nurse, 2000, 
Komarova et al., 2002). EB 1 homologs, however, are more controversial. The 
Xenopus and S. pombe homologs promote microtubule growth and suppress 
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catastrophes (Tirnauer et al., 2002b, Busch and Brunner, 2004), while the S. 
cerevisiae and Drosophila homologs suppress pauses by promoting both rescue and 
catastrophe frequencies (Tirnauer et at., 1999, Rogers et at., 2002). Similar is the 
situation with the XMAP2 15 homologs, where even the same homolog can have 
opposing activities. XMAP2 15 has been reported to have both stabilising and 
destabilising activities (Gard and Kirschner, 1987, Vasquez et al., 1994, Tournebize 
et at., 2000, Shirasu-Hiza et al., 2003). 
There is one case where the +TIP has clearly a destabilising role, acting to 
depotymerise microtubules. This is the KinI Kinesins. Very interesting recent work 
on the Drosophila homologs K1p10A and K1p59C demonstrated that these two 
Kinesins cooperate in interphase to depolymerise microtubules by different 
mechanisms (Mennella et at., 2005). K1p1OA localises to polymerising plus ends in 
an EB 1 dependent manner and induces catastrophes, while KIp59C localises to 
depolymerising ends and maintains their depolymerisation by preventing rescues. 
The other important function of +TIPs is to regulate microtubule attachments 
to different cellular structures. APC, CLASPs, ACF7 and CLIP-170 (through its 
interactor IQGAP) have been shown to be involved in microtubule capture by certain 
cortical sites (Fukata et at., 2002, Kodama et at., 2003, Wen et at., 2004, Mimori-
Kiyosue et at., 2005), possibly through interactions with the cortical actin network or 
plasma membrane associated proteins. Orbit/CLASP clearly has a function in 
kinetochore-microtubule attachments and dynamics (Maiato et at., 2002, Maiato et 
al., 2003). EB 1 localises to kinetochore-attached polymerising microtubules and 
possibly contributes to microtubule stabilisation/dynamics (Tirnauer et at., 2002a). 
APC and CLIP- 170 have also been reported to localise to kinetochores 
independently of microtubules, but it is not clear what role if any they play in 
kinetochore-microtubule interactions (Dujardin et al., 1998, Coquette et al., 2002). 
In conclusion, a major part of microtubule regulation is mediated through 
control of plus end behaviour. A specialised and diverse group of MAPs share the 
ability to localise to and dictate microtubule plus end dynamics and attachments. 
Multiple complexes between these +TIPs and a hierarchy in the plus end binding are 
likely. The complexity is further increased by regulation of the +TIPs by other 
factors like protein kinases. 
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1.4 	The CLIP Family Of Plus-End-Binding Proteins 
1.4.1 	CLIP-170, Discovery And Structure 
CLIP- 170 was the first +TIP discovered. It was originally isolated from HeLa 
extracts in an effort to purify microtubule motor proteins (Rickard and Kreis, 1990). 
The study identified a 170 kDa microtubule-binding protein with different 
characteristics and nucleotide-sensitivity from both Kinesins and Dyneins. It was 
subsequently discovered that the protein binds directly to microtubules and that 
phosphorylation by an unknown microtubule-associated kinase could inhibit its 
microtubule binding (Rickard and Kreis, 1991). The protein was found to be 
important for linking microtubules to vesicles in vitro (Pierre et al., 1992) and on that 
basis it was named CLIP-170 (for Cytoplasmic jjnker Protein of 170 kDa). 
Cloning and analysis of the primary structure of CLIP-170 revealed that it 
consists of three main regions, a long central coiled-coil region flanked by two 
globular regions at the N- and C-terminus, respectively (Figure 1.6). The N-terminus 
contained two repeats of a 57-amino-acid domain that were shown by mutational and 
deletion analysis to be necessary and sufficient for microtubule binding (Pierre et al., 
1992). This domain was found in other cytoskeletal proteins (Riehemarm and Sorg, 
1993) and on that basis, and because of its high glycine content was called the CAP-
Gly domain (for Qytoskeletal associated Protein 	cine-rich domain). Each of the 
CAP-Gly domains is followed by serine-rich sequences that have been proposed to 
be targets for regulatory phosphorylation. After the 350 amino-acid N-terminal 
globular domain come heptad repeats forming extensive cc-helical coiled-coil for 960 
amino acids (Figure 1.6). This domain was established to be important for 
dimerisation and CLIP-170 was found to form a parallel homodimer of 135 nm 
length (Scheel et al., 1999). Finally the last 80 amino acids contain two Zn-finger 
motifs that were predicted and later shown to be important for protein-protein 
interactions. That is why the C-terminus is sometimes referred to as the cargo-
binding domain. 
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Biki p - S. cerevisiae 




I1EDTJI Eulill::' "Cargo-binding'domain 547 a.a. with Zn-fingers 
Ankynn-like repeats 
CLIP-50 
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Figure 1.6 CLIP-170 family members and related proteins 
Schematically presented are some of the CLIP- 170 family members 
that have been well characterised and some related proteins. The CLIP family of 
proteins is defined by the typical domain structure. The N-terminus contains one or two 
microtubule-binding domains called CAP-Gly (red ellipse), each usually followed by 
serine-rich residues (green square). A large central coiled-coil domain (shaded gray 
rectangle) is then followed by a C-terminal "cargo-binding" domain carrying one or two 
Zn-fingers involved in proein-protein interactions (purple semi-ellipse with black bars). 
Unlike the true hornologs, the CLIP-related proteins usually carry only one or two from 
the three defining domains. 
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1.4.2 CLIP Homo logs And Related Proteins 
When the sequence of CLIP- 170 was originally cloned it was found to share 
sequence similarity to several other proteins, including the yeast Bikip and the 
human Dynactin subunit p 15ØG1uecI  In the "genome era" it became clear that CLIP-
170 is a very conserved protein with homologs in almost all eukaryotes from yeast to 
human (except plants). 
The yeast homologs Tip ip (S. pombe) and Bikip (S. cerevisiae) share the 
same overall structure of CLIP- 170, except that they only have 1 CAP-Gly domain 
and 1 Zn-finger each and are much smaller, about a third of the size of CLIP- 170 
(see Figure 1.6). The Drosophila homolog CLIP-190 is of similar size (-490 kDa) to 
CLIP- 170 and apart from 48 N-terminal amino acids present in CLIP- 190, the two 
proteins can be aligned along their entire length and have the same domain structure. 
In addition to the "true" homologs sharing all three structural regions of CLIP- 170, 
there are also related proteins that only contain similarity to the N-terminus (the 
CAP-Gly domains) or the C-terminus (the Zn-fingers). CLIP- 115, for instance, is a 
mammalian brain-specific protein that is similar to CLIP- 170 except for the C-
terminus, which it completely lacks. CLIPR-59 is a trans-Golgi protein that has a 
pair of CAP-Gly domains, however at its C-terminus. CLIP-SO identified from a 
mouse testis eDNA library aligns with the C-terminus of CLIP-170 (Tarsounas 'et al., 
2001). It is very likely, however, that the CLIP-SO cDNA represents an incomplete 
CLIP- 170 cDNA, rather than a separate gene since the two cDNAs are 99% identical 
within the region of alignment and a BLAST search with the CLIP-SO cDNA fails to 
identify any mouse genomic sequence, other than CLIP- 170. The large Dynactin 
subunit p 150GIued  contains one CAP-Gly domain followed by a coiled-coil. Two 
tubulin-folding cofactors and a Kinesin motor extend the list of proteins containing 
CAP-Gly domains. 
1.4.3 	Functions Of CLIPs 
The high level of structural conservation in the CLIP family of proteins 
suggests functional conservation too. Today it is known that one of the major 
functions of CLIPs is to bind to plus ends of microtubules and stabilise them. Early 
immunolocalisation experiments of CLIP- 170 described its "patchy labelling" of a 
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subset of microtubules, especially at their peripheral ends (Rickard and Kreis, 1990). 
Later this staining was more closely examined and it was discovered that CLIP-170 
associates only with polymerising microtubule plus ends both in vitro and in vivo 
(Diamantopoulos et al., 1999). Live imaging and fluorescence speckle analysis 
confirmed these results and showed that the plus-end accumulation is not due to 
motor-driven transport along the microtubule, but rather a dynamic association with 
the growing tip (Perez et al., 1999). The biological significance of this localisation 
became evident when a strong microtubule rescue activity was identified for CLIP-
170 in vivo and recently also in vitro (Komarova et al., 2002, Amal et al., 2004). 
Both yeast homologs share the plus-end tracking behaviour of CLIP- 170 (Brunner 
and Nurse, 2000, Lin et al., 2001), but Tipip displays anti-catastrophe properties, 
rather than rescue (Brunner and Nurse, 2000). In addition, recently it was established 
that, unlike for CLIP-170, Kinesin-driven transport does contribute to the plus-end 
accumulation in both S. cerevisiae and S. pombe (Browning et al., 2003, Busch et al., 
2004, Carvalho et al., 2004). This demonstrates that although the major functions of 
CLIPs are probably conserved in evolution, there are some variations and alternative 
mechanisms for plus-end localisation, which should not be underestimated. 
Another important function of the CLIP proteins, that is related to their 
microtubule plus-end localisation, is their involvement in microtubule-cel! cortex 
interactions. CLASPs, for instance, which were isolated initially as CLIP- 170 
interactors were later established to be important for cell polarisation and cortical 
microtubule stabilisation (Akhmanova et al., 2001, Komarova et al., 2005). CLIP-
170 was also found to interact directly with IQGAP 1, a cortical protein with a 
primary function in cell polarisation and cell migration (Fukata et al., 2002). The two 
proteins were partially colocalised at the leading edges of migrating fibroblasts and 
microinjection of the CLIP-binding domain 0fIQGAP1 delocalised CLIP-170 from 
microtubule plus ends. Bikip plays a role in budding yeast spindle positioning by 
mediating interactions between cytoplasmic Dynem on microtubule plus ends and 
the cell cortex (Sheeman et al., 2003). Tip ip from fission yeast is required for the 
delivery of Tealp, a polarisation factor, to the correct cortical sites by microtubule 
plus ends. And finally Drosophila CLIP- 190 was identified as an interactor of 
unconventional myosin VI, another important cortical polarisation protein (Lantz and 
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Miller, 1998). It also binds to Lava lamp, a Golgi-associated protein implicated in the 
cellularisation of syncitial embryos, which is a cortex-based process (Sisson et al., 
2000). CLIP- 190 was colocalised at least partially with both of these proteins in all 
tissues studied. All of these findings strongly implicate the CLIP homologs in 
cellular polarisation processes by mediating microtubule-cell cortex interactions, 
possibly through the cortical actin network. 
A third, possibly more surprising role was suggested for CLIP- 170 when it 
was discovered to localise to prometaphase kinetochores (Dujardin et al., 1998). This 
localisation was proposed to be mediated through the DyneinlDynactin complex. The 
biological meaning of the finding was unclear however, since expression of a 
dominant negative construct that delocalised CLIP-170 from kinetochores did not 
seem to affect kinetochore-microtubule interactions. Two further studies on the 
subject showed that the kinetochore localisation of CLIP- 170 was independent of 
microtubules but depended on the DyneinlDynactin complex through a direct 
binding to Lisi, an associated protein of the motor complex (Coquelle et al., 2002, 
Tai et al., 2002). These studies, however, still did not go far enough to suggest a 
function for these proteins (and especially for CLIP- 170) at prometaphase 
kinetochores. Two recent works employing RNAi depletion of CLIP- 170 in human 
cells perhaps shed more light on the question. These groups silenced CLIP- 170 
expression by siRNAs in different cell lines with similar results, a substantial 
increase in the mitotic index (Wieland et al., 2004, Green et al., 2005). The possible 
implications are that the rise in the mitotic index is due to an activation of the spindle 
assembly checkpoint, which could mean a possible defect in kinetochore-
microtubule attachment or dynamics. However there is some apparently conflicting 
data between different studies, so the issue is still unresolved. 
All of the above-described functions of the CLIP proteins are regulated on 
different levels. First, it is important to note that CLIPs do not work alone. They act 
together with other +TIPs and cortex or kinetochore proteins, so the different 
combinations of binding partners most likely affect their behaviour. A second level 
of regulation most likely is the intramolecular binding of CLIP- 170 N-terminus to its 
own C-terminus that was discovered recently (Lansbergen et al., 2004). This group 
demonstrated that CLIP- 170 can fold back upon itself and bind its "head" to its 
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"tail", which inhibits its binding to microtubules. They proposed that the inactive 
folded conformation could be regulated by phosphorylation or direct binding of other 
partners like p150Glued  or Lisi to the C-terminus. The third means of regulation of 
CLIP- 170 is through phosphorylation. As mentioned already, CLIP- 170 can be 
phosphorylated by an unknown microtubule-associated kinase inhibiting its 
microtubule binding (Rickard and Kreis, 1991). An activatory phosphorylation has 
also been described. The mamalian Target Of Rapamycin (mTOR) kinase binds 
directly to CLIP- 170 and phosphorylates it, which has a positive effect on its 
microtubule-binding (Choi et al., 2002). 
In conclusion, it is now clear that CLIP proteins perform many vital cellular 
functions. In fact, regulation of microtubule dynamics and attachments of 
microtubules to specific cortical sites and possibly to kinetochores may turn out to be 
only a subset of their important roles. Due to extensive work in the field in the last 
few years we are beginning to understand how CLIPs might work in vitro and in 
isolated cells. Considering, however that CLIP proteins are expressed virtually 
ubiquitously in animals, in all tissues and cell types examined, it is surprising how 
little we know about their general in vivo functions. Obtaining an insight into the 
roles of CLIPs in the context of a developing multicellular organism is the aim of the 
present work and the best choice of system for this type of approach is the fruit fly, 
Drosophila melanogaster. 
Chapter 2 MATERIALS AND METHODS 
	
2.1 	Chemical Reagents 
All chemical reagents used in this work, unless otherwise stated, were 
supplied from Invitrogen, BDH and Sigma and were analytical grade. 
2.2 	Buffers 
Standard buffers and Stock solutions were used (Sambrook et al., 1989) 
2.3 	Enzymes 
Restriction endonucleases were supplied by New England Biolabs and 
Promega. T4 DNA ligase (Promega), Calf Intestinal Phosphatase (New England 
Biolabs), Klenow fragment (New England Biolabs), Taq DNA polymerase (Roche) 
were used throughout. 
2.4 	PCR Primers For dsR1Ai In S2 Cells 
All PCR primers were supplied by MWG-Biotech. PCR primers used for 
dsRNAi in S2 cells are listed in Table 2.1. 
2.5 	Antibodies Used 
All primary and secondary antibodies and their typical dilutions are described 
in Table 2.2. 
2.6 	Bacteria, Drosophila Cell Lines And Fly Strains 
The following bacterial strains (Stratagene) were used for DNA cloning and 
recombinant protein expression: 
JM109: e14—(McrA—) recAl endAl gyrA96 thi-] hsdRl 7 (rK - mK+) supE44 
re/Al i.\(lac-proAB) [F' traD36proAB lacIqZAM15]. 
XL1-Blue: recAl endAl gyrA96 thi-1 hsdRl 7 supE44 re/Al lac [F' proAB 
lacIqZM'1]5 TnlO (Tetr)J. 
BL21-CodonPlus(DE3)-RIL: strain3 E. coli B F— ompT hsdS(rB - mB—) dcm+ 
Tetr gal X(DE3) endA Hte [argU ileY leuW Camr] 
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No Gene targeted Direction Sequence 
1 Lactamase* For CGATCACTATAGGGAGATTCCTGTTTTTGCTCACC 
2  Rev CGAcTCATATAGGGAGAAGTGAGGCACCTATcTCA 
3 CLIP-190 For CGACTCATATAGGGAGAAGcTCAGCAAAGTGAACA 
4  Rev CGATCAcTATAGGGAGATTGAAGAGTCCTCTCCTT 
5 EB1 For CGACTCACTATAGGGAGAATGGCTGTAAACGTCTAC 
6  Rev CGACTCACTATAGGGAGATGCCCGTGcTG1TGGCAC 
7 Rod For CGACTCACTATAGGGAGACGGCGTCAGCAAGAGCGC 
8  Rev CGACTCACTATAGGGAGAGAGGGCGCTGATGTCGTC 
9 DHC For CGACTCACTATAGGGAGACGCTGGAAACCTGTCCCT 
10  Rev CGACTCACTATAGGGAGATATCAGCCTGGAGATCCC 
11 DIC For CGACTCACTATA000AGACGCTGTACTCCrFTGAGG 
12  Rev CGACTCACTATAGGGAGACTATCGAGTFTCATTGAA 
13 pl5oGl ued For CGACTCACTATAGGGAGACCACCAGCGATTCAGTGC 
14  Rev CGACTCACTATAGGGAGATTCTFCTCCGCTAGATCC 
15 Lisi For CGACTCACTATAGGGAGACCTCCTGCAGCGCGGACT 
16  Rev CGACTCACTATAGGGAGACTATGGAGGTGCAGAAAT 
17 Madi For CGACTCACTATAGGGAGAAACTGAGCGAATATCGCC 
18  Rev CGACTCACTATAGGGAGAATTCAAATGCTFGGTATC 
19 BubRi For CGACTCACTATAGGGAGATGGGCTFTGATATACACG 
20  Rev CGACTCACTATAGGGAGACCATGTCAAAGTCACCAT 
21 CENP-meta For CGACTCACTATAGGGAGAGGAAGTAACCAGCCTAAG 
22  Rev CGACTCACTATAGGGAGATGTJTGAGCTTGCCACTGT 
23 NudE For CGACTCACTATAGGGAGACTCAAGTTGGAATCGCAT 
24  Rev CGACTCACTATAGGGAGATCTTAAGCGAATGCTGCT 
25 NudC For CGACTCACTATAGGGAGAGCAATCGCCTAGTAAGGG 
26  Rev CGACTCACTATAGGGAGACCACGCTGCGATCGCTGT 
27 NudC-like For CGACTCACTATAGGGAGAATTGTTATCGATAGACGT 
28  Rev CGACTCACTATAGGGAGAGCTATGCT]TGCTGCTCAC 
29 CG13466 For CGACTCACTATAGGGAGACTGCCTFCCACCCGTTGG 
30  Rev CGACTCACTATAGGGAGAGTAGCGTATAGCTCGTCG 
31 CG14145 For CGACTCACTATAGGGAGAGATAAACCCACAACTAGC 
32  Rev CGACTCACTATAGGGAGATTGCGCCACTTGACCGCC 
33 Coracle For CGACTCACTATAGGGAGAGCTAAGAACCGAGGATCC 
34  Rev CGACTCACTATAGGGAGAACCTGCAAGACCAGCAGC 
35 CG11848 For CGACTCACTATAGGGAGACAGCAGCAATACCGCAGC 
36  Rev CGACTCACTATAGGGAGACATFGCTCATCATGTTGG 
37 CG10061 For CGACTCACTATAGGGAGAACATTGTAGTCACACAGC 
38  Rev CGACTCACTATAGGGAGAGAGACATGCGCCTGCTCC 
39 Hk For CGACTCACTATAGGGAGATGGCGATFGCGGATGAGC 
40  Rev CGACTCACTATAGGGAGAAAGGTCCTCCCGAGCTCC 
41 Lva For CGACTCACTATAGGGAGAAACGACCTGTTAGAAACG 
42  Rev CGACTCACTATAGGGAGATCAGCCAACAGTGAAGCC 
43 CG7261 For CGACTCACTATAGGGAGACCAGGCACTGCGAAGCGG 
44  Rev CGACTCACTATAGGGAGAGCAGTTAATATCGATGGT 
45 Stathmin For CGACTCACTATAGGGAGACAATTTAGCAAGCGTTCG 
46  Rev CGACTCACTATAGGGAGAGATACAGCAATAGTTTCC 
47 CG12467 For CGACTCACTATAGGGAGATAAGCCTAGACGTCCAGG 
48  Rev CGACTCACTATAGGGAGACGTAAATGGCATCGAGCG 
49 Didum For CGACTCACTATAGGGAGATCGAGATGGCTCTATCCC 
50  Rev 	I CGACTCACTATAGGGAGACCAAGAATCTCCGAATCG 
Of 
51 Crinkled For CGACTCACTATAGGGAGAATGCCATCGGAGTTCTCG 
52  Rev CGACTCACTATAGGGAGAGACGAACTCTCTGAATCC 
53 Myo28B1 For CGACTCACTATAGGGAGACTFCGTGGAGAGATATCG 
54  Rev CGACTCACTATAGGGAGATTCTGCTCCTTCAGTTGC 
55 MyolOA For CGACTCACTATAGGGAGAGACAAGAATCGCGATGCG 
56  Rev CGACTCACTATAGGGAGACTCGGCGCAGACGCTCGG 
57 RhoGap93B For CGACTCACTATAGGGAGATCTAGTCCGCAGAGTCCG 
58  Rev CGACTCACTATAGGGAGATAACCGCCATGCGTATCC 
59 Bifocal For CGACTCACTATAGGGAGAAGGAGGCGATGTGGATCC 
60  Rev CGACTCACTATAGGGAGAGATGATGGAGGTCAGACG 
611 CG4800 For CGACTCACTATAGGGAGATACAAGGATATCATCACC 
62  Rev CGACTCACTATAGGGAGATCCTCCTCCAGACCGTGC 
63 a -Spectrin For CGACTCACTATAGGGAGATCTGCAGCTrGACAAACG 
64  Rev CGACTCACTATAGGGAGATAAGCATGTTAGCCATGG 
65 CG7716 For CGACTCACTATAGGGAGACCCAGGTCCTAACATTGC 
66  Rev CGACTCACTATAGGGAGACTFATGCAGGGTCTCTGC 
671 Peanut For CGACTCACTATAGGGAGATCGAGTI'CACTCTGATGG 
68  Rev CGACTCACTATAGGGAGATCTCCACCTCCACCAGGC 
69 CG3738 For CGACTCACTATAGGGAGAATTAGTACGGTCACACTr 
70  Rev CGACTCACTATAGGGAGAGCTACCGCCGGTrATCTA 
71 CG9790 For CGACTCACTATAGGGAGATTFA11TGACCTATFTFGG 
72  Rev CGACTCACTATAGGGAGAAAACTGTCTGTACACAGG 
73 CG8532 For CGACTCACTATAGGGAGACCAAAACTFCCGCCTCCC 
74  Rev CGACTCACTATAGGGAGAGTTGGCCGACGAGGATGA 
75 CG31 170 For CGACTCACTATAGGGAGAAATGTCGTGATGAATFAC 
76  Rev CGACTCACTATAGGGAGAAGTCGCCATCATfGTAGC 
77 CG32672 For CGACTCACTATAGGGAGAGTCATCGTCGAGAAGGCT 
78  Rev CGACTCACTATAGGGAGAGTTAATGGGTAGGACACA 
79 CG12334 For CGACTCACTATAGGGAGATCCAGTCCGCCCAGATGG 
80  Rev CGACTCACTATAGGGAGATGTCTGCTTCTGGTFAGC 
81 SF3A66 For CGACTCACTATAGGGAGAGGCAAGACCGGCAGCGGA 
82  Rev CGACTCACTATAGGGAGAATGCATAGCAGGACGTGG 
83 D-parkin For CGACTCACTATAGGGAGATGCGATAAGCTGTGTAAT 
84  Rev CGACTCACTATAGGGAGACCACGGTGTACTCGCAGG 
85 Fps85D For CGACTCACTATAGGGAGATCTCCACAAATCGTCCGC 
86  Rev CGACTCACTATAGGGAGAGCCAATCAATTFTACGAT 
87 Mbs For CGACTCACTATAGGGAGATTTCCATCAGCGAGATGT 
88 _____ Rev CGACTCACTATAGGGAGACATAAGAACTCCGACCAG 
89 
- 
,ndD °" d 
primer for all 
For/Rev GAATFAATACGACTCACTATAGGGAGA 
Table 2.1 PCR primers for dsRNAi 
Listed are sequences of the PCR primers used to generate dsRNA for the 
RNAi experiments in S2 cell culture, described in Result chapters 4 and 5. 
Sequences should be read 5' —3', left to right. The primers shown are for the first 
round of PCR, the second round PCR primer (both forward and reverse) for all genes 
is the T7 minimal promotor sequence GAATTAATACGACTCACTATAGGGAGA. 
All first round products were generated using Wt fly genomic DNA, unless for the 
genes, marked with *, where specific cDNAs were used. 
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Primary 	Secondary 	Dilution for 	Dilution for 
Antibodies Antibodies Immunoblotting Immunofluorescence 
Sh-u-GST-CLIPcc- 	 1:100 	 1:50 
aff-1 
Rb-u-GST-CLIPcc- 	 1:100 	 1:50 
aff-1 
Rb-GST-CLIP-C-aff-1 	 1:100 	 1:5O 
Mouse-anti-u-tubulin- 	 1:2000 - 1:10000 1:200 
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u-Rb; u-Sh; u-M- 	1:500 - 1:10000 
HRP-9 
Table 2.2 Antibodies 
References: 
 This work 
 (DM1A) Sigma 
 Upstate 
 (MAB 1618) Chemicon 
 (Elliott et al., 2005) 
 (Logarinho et al., 2004) 
 (Scaerou et al., 1999) 
 Molecular Probes 





Drosophila Schneider 2 cell line (S2) was used for dsRNAi experiments in 
cell culture. 
All the Drosophila melanogaster strains used are listed in Table 2.3. 
2.7 	Media For Bacterial, Cell Culture And Fly Growth 
The bacterial and fly media were prepared by the University of Edinburgh 
ICMB kitchen staff. LB medium or LB-agar plates, supplemented with the 
appropriate antibiotic were used for culturing bacteria (Sambrook et al., 1989). 
Luria-Bertani medium (LB 
Bacto-tryptone 1% w/v 
Yeast extract 0.5% w/v 
Glucose 0.1%w/v 
NaCl 1%w/v 
S2 cells were grown in Schneider's medium (Gibco), supplemented with 10% 
heat-inactivated, Foetal Calf Serum (Gibco). 
Flies were grown on standard yeast-cornmeal agar medium (Ashburner, 
1989). 
2.8 	Drosophila Techniques 
Standard Drosophila handling techniques were used (Ashburner, 1989). Flies 
were grown at 25 0C for experiments, while stocks were maintained at 18 0C. 
2.8.1 	P-Element Remobilisation 
P-element remobilisation was induced by reintroducing transposase source 
back into the P-element background. 
P'-remobilisation for reversion test (precise excisions) was performed 
according to the crossing scheme in Figure 3.2. Briefly the P' line was crossed to the 
transposase source line and jumpstarter males from the progeny were individually 
crossed to P'/CyO females. At this point the reversion of the semi-lethality and wing 
phenotype in the P' */P' flies in F2 was assessed. Body and eye colour revertant 
males from F2, yw; P'*ICyO  were tested for reversion of the lethality by crossing to 
Df(2L)1120/CyO females and scoring for the presence of P'/Df(2L)H20 flies in F3. 
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Fly Strain Genotype 	 Reference 
y[l]; P(y[+mDint2] w[BR.E.BR]=SUPor-P)CLIP-190[KG06490]/CyO; ry[506] BSC': 14493 
y[l] w[67c23]; P(y[+mDint2] w[BR.E.BR]=SUP0r-P)CLIP- 1 90[KG07837] 	BSC: 14663 
wg[Sp-1]/CyO; ry[506] Sb[1] P(ry[+t7.2]=DeIta2-3)99B/TM6 	 BSC: 2535 
Df(2L)H20, b[1] pr[1] cn[1] sca[1]ICyO 	 BSC: 3180 
yw; CyOfIn(2LR)GlaBcEIp 	 This work 




yw 70FLPiso; Sco/SM6a; 3iso 	 SSC 
wil 18 iso; Sco/SM6a; 3iso 	 SSC 
Y['] w [*] ;  P(w[+mC]=Act5C-GAL4)25F01/CyO, y[+] 	 BSC: 3954 
Table 2.3 Drosophila melanogaster strains used 
1 BSC - Bloomington Stock Centre (http://flystocks.bio.indiana.edu!) 
2 SSC - Szeged Stock Centre (http://expbio.bio.u-szeged.hulfly/index.php)  
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P2-remobilisation for generating CLIP- 190 lethal mutants by imprecise 
excisions was performed according to the crossing scheme in Figure 3.6. The P 2 line 
was crossed to the z\2-3 line and individual jumpstarter males from F 1 were crossed 
to balancer source females, yw; CyO/Tn(2LR)GlaBcElp. In F2 individual body and 
eye colour revertant males were crossed to females carrying the Df(2L)H20. A 
successful generation of a lethal allele was scored by the lack of P2*/Df(2L)H20  flies 
in F3. 
2.8.2 	Fly Transformation 
P-element based fly germline transformation was performed according to 
standard protocols (Ashburner et al., 2005). For generation of transgenic flies, w 1118 , 
1i2-3(at 68C) preblastoderm embryos were dechorionated and desiccated in a 
desiccation chamber containing Silicagel. The embryos were then injected with a 
transformation plasmid containing a mini-w + marker under a thin layer of 
Halocarbon oil, series 700 (KMZ Chemicals Ltd.). The eggs were incubated in a 
humid chamber until hatching and then the larvae were transferred onto standard fly 
food. The surviving adults were crossed individually with w" 8 flies and from their 
progeny the transformants were identified by the eye colour. The A2-3 was 
outcrossed by successive crosses with w 1118 flies. The insertion was mapped to a 
specific chromosome and maintained over a balancer or as homozigotes where 
possible. 
2.8.3 dsRNAi Of CLIP-190 In Whole Flies 
The construct for dsRINAi was produced using the pWiz vector as described 
(Lee and Carthew, 2003). A 700 bp exon sequence from the CLIP- 190 gene was 
PCR-amplified and cloned into the NheI site of the vector. Then the same sequence 
was cloned into the XhoIJAvrII sites in the opposite orientation, so that when 
transcribed, the inverted repeats would result in a hairpin RNA. The resulting 
construct was verified by sequencing and called pWiz-CLIP2. Transgenic flies 
carrying the construct were obtained with the method described above. The 
expression of the dsRNA was induced by introducing an Act-Ga14 driver. Expression 
levels of CLIP- 190 were assessed by immunoblotting. 
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2.8.4 	Generation Of A Small Synthetic Deficiency 
The DrosDel deficiency Df(2L)ED8382 was generated from the RS elements 
UM-8081-3 and 5-HA-2371 according to the described procedure (Ryder et al., 
2004). In the first "Flip Out" step internal deletions were generated by FLP-FRT 
recombination, resulting in the loss of the 5'-exon of the white gene in the RS3 
element and loss of the 3'-exon of the white gene in the RS5 element (Figure 2.4). 
This caused a loss of the eye colour. In the second "Flip In" step the two activated 
RS elements were combined in trans and another round of FLP-FRT recombination 
was induced. As a result the sequence between the two elements was deleted and a 
new hybrid element was created from the initial two. In this hybrid element the white 
gene was restored and so the generation of the deficiency was detected by the 
regaining of the red eye colour. The successful generation of Df(2L)ED8382 was 
confirmed by PCR and by failure to complement other deficiencies in the region. 
2.9 	DNA Techniques 
2.9.1 	DNA Purification 
Plasmid DNA was purified from bacteria using the Wizard Plus SV Miniprep 
Kit (Promega) and the QlAprep Spin Miniprep Kit (QIAGEN) according to the 
manufacturer's instructions. PCR products were purified with the UltraClean PCR 
Clean-Up Kit (Mo Bio), according to the manufacturer's instructions. For DNA 
purification from agarose gels, QlAquick Gel Extraction Kit (QIAGEN) was used 
according to the manufacturer's instructions. 
Fly genomic DNA was prepared for PCR as follows: 
1-3 male flies were homogenised in 40j.tl/fly homogenisation buffer (10mM Tris; 
1mM EDTA pH8; 25mM NaCl; 200ig/ml freshly added Proteinase K, Roche), 
followed by 30 min incubation at 37 0C and 5 min incubation at 95 0C. 1 tl was used 
for each PCR reaction. 
2.9.2 Agarose Gel DNA Electrophoresis 
DNA fragments were separated on 0.7% - 1% agarose gels. The gels were 
prepared by boiling agarose (Cambrex) in TAE buffer (40mM Tris; 20mM acetic 
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A Flip Out 
yw70FLP; Sco/SM6a X w; P{FRT,w}RS d&" 
'dyw70FLP; P{FRT,w}RS/SM6a X yw70FLP; Sco/SM6a 





RS5a (w - ) 	 RS3a (w - ) 
-*-- -4*- 
.1 Flip In 
yw7OFLP; P{FRT,w}RS3r X yw70FLP; P{FRT,w}RS5r 
Oyw70FLP: P{FRT,w}RS3rIP{FRT,w}RS5r X w 18;  Sco/SM6a 
ld'w 1 fl 8 ; P{FRT,w}RS3r-RS5r/SM6 X w; Sco/SM6a 	0 
RS5a (w) 
7%JS3a (w) 	c 
	 RS3-RS5 (w) 
Figure 2.4 Generation of a small synthetic deficiency 
The process of generation of a DrosDel deficiency consists of two 
steps. A: In the first called "Flip Out the two RS-elements are activated by an internal 
deletion of the 5-or 3'-exon of the white gene, which is identified by the loss of eye 
colour. B: In the second step - 'Flip In" the activated RS5a and RS3a elements are 
combined in trans and a second round of FLP-FRT recombination is induced. This 
results in a deletion of the sequences between the two elements. A hybrid RS3-RS5 
element is formed, in which the white gene is restored and this is detected by the 
appearance of flies with red eyes. The figure shows the genetic crosses for the two steps 
and the schematic presentation of the processes that take place. 
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acid; 1mM EDTA p118) until it was dissolved. For visualisation of DNA, ethidium 
bromide was added to a final concentration of 0.5.ig/ml. Hyperladder (Bioline) was 
used as a standard size-marker. DNA was visualised on a transilluminator (Herolab 
UVT-28 M) and recorded with a digital camera (Herolab E.A.S.Y. 429 K). 
	
2.9.3 	Quantification 
DNA quantifications were performed by measuring the light absorption at 
?.=260nm. 
2.9.4 	Sequencing 
Cycle sequencing was performed using BigDye Terminator v3.1 (ABI 
PRISM) in a Hybaid PCR thermal cycler at the following programme: 
96°C-30 sec 
50°C - 15 sec 	25 cycles 
60°C-4min _J 
2.9.5 	Site-Directed Mutagenesis 
Site-directed mutagenesis was carried out with the QuikChange Site Directed 
Mutagenesis Kit (Stratagene). In order to mutate the two Cdc2 phosphorylation sites 
in CLIP-190 (see section 4.5.3 and Figure 4.14), two single nucleotide substitutions 
were introduced, which resulted in two single amino acid changes. For the change of 




For the change of amino acid 353 (T—A), nucleotide 1056 was mutated 




2.9.6 DNA Cloning 
Standard DNA cloning techniques were followed throughout (Sambrook et 
al., 1989, Doyle, 1996). Insert fragments were prepared from plasmid or PCR-
amplified DNA by digestion with the appropriate restriction endonucleases, followed 
by agarose gel separation, band excision and extraction from gel as described above. 
Vector DNA was prepared by digestion with the appropriate restriction 
endonucleases, followed by dephosphorylation of the 5'-ends with Calf Intestinal 
Phosphatase (New England Biolabs) and purification with the QlAquick Gel 
Extraction Kit (QIAGEN) without actually running the vector DNA on a gel. 
Ligations were performed at 16 0C for 10-18h in lOpi volume with T4 DNA ligase 
(Promega). Normally 10-200ng of vector DNA and 100ng-2tg insert DNA was used 
in 1:1 and 1:10 ratio. Transformations were carried out as described (Doyle, 1996) 
using 5p.l from the ligation reaction. Bacteria were plated on LB-agar Petri dishes, 
supplemented with the appropriate antibiotic. Transformants carrying the desired 
plasmid were selected by colony-PCR or by plasmid DNA isolation, followed by 
digests with appropriate restriction enzymes. 
2.9.7 	Cloning Of Constructs 
The cloning of pWiz-CLIP2 is described in section 2.8.3 
The rescue construct pUbR was created as follows: The CLIP- 190 eDNA 
clone LD05 834 was modified by substituting the XhoI site from the MCS of the 
pBluescript vector with a NotI site. The full length CLIP- 190 cDNA was then 
recloned in the correct orientation into the NotI site of the pWR-pUbq transformation 
vector (Nick Brown, Wellcome Trust/Cancer Research UK Gurdon Institute, 
Cambridge, personal communication). 
The pUb-GFP-CLIP construct was produced in the same way, except that an 
EGFP coding sequence was introduced upstream of the CLIP- 190 cDNA. The EGFP 
sequence was excised from the pEGFP-CI vector (Clontech) by AgeI/XhoI and 
cloned in frame into the CLIP-190 coding sequence between codons 6 and 7, where 
an AgeI/XhoI adaptor was previously introduced into the Eco 47 III site. 
39 
The pUbGFPCLIP**  double mutant construct was produced in the same 
way as pIJb-GFP-CLIP, except for the two single nucleotide substitutions that were 
first introduced into the CLIP-190 cDNA (see section 2.9.5). 
The GST-cc fusion construct was produced by cloning a 1,857bp 
BamHI/EcoRI fragment from CLIP-190, which codes for amino acids 851-1,469 
directionally into the BamHI/EcoRI sites of the pGEX 4T-3 vector (Pharmacia). 
The GST-N and GST-C fusion constructs were made by PCR amplification 
and cloning of the first 1,215bp/405aa and the last 1,230bp/410aa from the CLIP-190 
coding sequence, respectively, into pGEX 4T-3 using BamHI/EcoRI sites (for GST-
N) and BamHI/XhoI sites (for GST-C). 
2.10 	Protein Techniques 
2.10.1 SDS-Polyacrylamide Gel Electrophoresis (SD S-PAGE) 
Proteins were analysed by standard discontinuous SDS-PAGE (Sambrook et 
al., 1989). Resolving gels with 8%, 10% and 12% acrylamide concentrations and a 
stacking gel of 5% were assembled using the Mini-PROTEAN II (BioRad) system. 
Protein samples were prepared by boiling for 5min in lx protein sample buffer 
(50mM Tris pH6.8, 2% SDS, 10% glycerol, 0.1% bromphenol blue). Gels were run 
in running buffer (25mM Tris, 250mM glycine, 0.1% SDS) at 200V until reaching 
the desired separation, judged by the separation of the bands of the standard protein 
marker (Prestained Protein Marker, Broad Range, New England Biolabs). For 
visualisation gels were stained with Bio-Safe Coomassie (BioRad) according to the 
manufacturer's instructions. 
2.10.2 Immunoblotting 
For immunoblotting, gels were sandwiched with nitrocellulose membrane 
(Schleicher & Schuell) between two filter papers and assembled into the Mini-Trans 
Blot cell (BioRad) according to the manufacturer's instructions. The transfer was 
performed in transfer buffer (25mM Tris, 250mM glycine) at 100V for 45min with 
an ice cooling unit. The success of the transfer was monitored by Ponceau S (Sigma) 
staining of the membrane (ig Ponceau S, + lml acetic acid + 98m1 H20), followed 
by destaining with deionized 1120. The membrane was washed in washing solution 
all 
of 0.08% Tween 20 in PBS (137mM NaCl, 2.7mM KC1, 4.3mM Na 2HPO4,1.4mM 
KH2PO4 pH 7.5) and then blockedin blocking solution (washing solution + 3% non-
fat milk powder) for lh. The membrane was incubated with the primary antibody 
diluted in blocking solution for I  to overnight (for primary/secondary antibodies 
and dilutions used, see Table 2.2). Three washes of 15min each were followed by 
incubation with the Horseradish-peroxidase conjugated secondary antibody in 
blocking solution for I  to overnight. After 3 more washes the membrane was 
covered with the ECL reagent (Amersham) for I min and exposed to Hyperfilm ECL 
chemiluminescent film (Amersham) for 2sec - 5min and the film was developed 
using SRX- 101 A developer (Konica). For reprobing with other antibodies, 
membranes were stripped by incubation for 30min in a stripping solution (0.5M 
acetic acid, 0.5M sodium chloride). Membranes were then washed in washing buffer 
and reprobed with a different primary and afterwards secondary antibody as 
described above. 
2.10.3 Expression And Purification Of Recombinant Proteins 
The GST-CLIP- 190 fusion proteins were expressed in XL 1-blue and BL2 1 
strains (Stratagene) of E. coli in the following way. Bacteria were grown in LB 
medium with ampicilin at 37 0C overnight. After a 1/100 dilution in fresh medium 
culturing was continued until 0D600 reached 0.5 (typically 1 .5h for BL21 and 4h for 
XL1-blue strain). Expression was induced with 1mM IPTG for 4h at 37 °C, except for 
GST-N, which was expressed at 250C for 10-1 6h for improved solubility. Bacteria 
were collected by centrifugation and stored at -20 0C until required for protein 
purification. The expressed proteins were purified using the Bulk GST Purification 
Module (Amersham) according to the directions of the manufacturer. In brief, 
bacterial pellets were resuspended in ice-cold washing buffer (PBS, 1% Triton-X 
100, Complete EDTA-free Protease Inhibitor cocktail, Roche) and lysed by 
sonication. Insoluble material was cleared by centrifugation at 22,000g, 0 °C and 
supernatants were incubated with glutathione-sepharose beads for I  at 4 0C. After 
five washes with the washing buffer, the bound protein was eluted from the beads 3 
times with elution buffer (10mM glutathione, 50mM Tris-HC1 pH8). The eluates 
were combined. 
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2.10.4 Antibody ProductiOn And Affinity Purification 
A rabbit anti-GST-C antibody and a sheep and a rabbit anti-GST-cc 
antibodies were produced by Diagnostics Scotland in the following way: For 
immunisation of rabbits and sheep 250tg from each purified protein were injected 
four times with four weeks intervals. Animals were bled one week after each 
immunisation, except the first one. The final third bleed from each antibody was 
used for affinity purification by a method using antigen immobilised on 
nitrocellulose membrane (Smith and Fisher, 1984). In brief, between 20 and 100tg 
of purified antigen was run on an SDS-PAGE gel and transferred onto a 
nitrocellulose membrane as described for the immunoblotting procedure. The 
membrane was stained with Ponceau S and the antigen band was excised and 
blocked with blocking solution as described before. Then the antibody was bound to 
the antigen by incubating the membrane strip with 1 5Ojil of the final antiserum 
diluted 1:10 in blocking solution overnight at 4 0C. After extensive washes with the 
washing buffer (see immunoblotting procedure), the antibody was eluted by three 
consecutive 30sec incubations with 400g1 elution buffer (50mM Glycine-HC1 pH2.3, 
0.5M NaCl, 0.5% Tween 20, 100tg/pJ BSA, 0.1% NaN3). All of the eluates were 
combined and immediately neutralised by adding Na 2HPO4 solution to a final 
concentration of 50mM. The affinity purified antibodies were tested for specificity 
and optimal dilution in immunoblots and immunofluorescence experiments. They 
were stored at 4 0C. 
2.10.5 In Vitro Pull-Down Assay 
The direct interaction between CLIP- 190 and EB 1 was examined in the 
following way. The GST-N, GST-cc and GST-C fusions of CLIP-190 subdomains 
and GST alone (as a control) were expressed, purified and bound to glutathione 
agarose beads as described in section 2.10.5. Each of the four bead fractions was 
split into two halves and each half was incubated overnight at 4 0C with bacterial 
lysates (in PBS, protease inhibitors, 0.1% TritonX-100), containing MBP or MBP-
EB1 expressed proteins. After extensive washing with PBS, containing 0.1% 




2.11 	Drosophila S2 Cell Culture 
Drosophila S2 cells were cultured in Schneider's Insect Medium (Sigma) 
supplemented with 10% heat-inactivated FBS (Gibco) in a humidified incubator at 
27°C. Cells were diluted 1:10 in fresh medium every 7 days. 
2.12 	Transfection Of Drosophila S2 Cells 
Transfection of the pUb-GFP-CLIP construct and the pUbGFPCLIP** - 
double mutant construct into S2 cells was performed using the Effectene 
Transfection Reagent (Qiagen) according to the manufacturer's directions.Typically 
0.4tg DNA was used for 1.6m1 of cell culture at 6x10 5 - 2.2x106 cells/mi. Cells were 
incubated for 24, 48, 72 and 96h, fixed, stained and analysed by microscopy (see 
section 2.14). 
2.13 	dsRNA Interference On S2 Cells 
dsRNA-interference was carried out generally as described (Clemens et al., 
2000). 
2.13.1 Generation Of The dsRNA 
The dsRNA duplex required for the silencing process was generated by two 
rounds of PCR, followed by an in vitro transcription reaction (Figure 2.5). In the first 
round of PCR about 600bp of specific exon sequence of the target gene were 
amplified from genomic or cDNA. A list of primers for the 1st  PCR-round used for 
each gene is available in Table 2.1. Each primer begins with 18 nucleotides, which 
correspond to the end part of the minimal T7-promotor sequence (27bp) and the next 
18 nucleotides are gene-specific. So the products of the 1t  PCR carry 1 8bp inverted 
sequence on both sides. These products were run on an agarose gel, purified through 
a column (see section 2.9. 1) and used as a template for the 2nd  round of PCR, in 
which the rest of the promotor sequence was added on either end by using the 27-
nucleotide promotor sequence as a primer for both sides. The products from the 2nd 
PCR were purified using a PCR purification column (see section 2.9.1), quantified 
by spectrophotometry and used as a template for in vitro transcription of both sense 
and antisense strands. The transcription was performed using the MEGAscript T7 Kit 










Figure 2.5 Generation of dsRNA for dsRNA-interference in S2 cells 
The process of generating dsRNA for depletion experiments in S2 
cells consists of 2 rounds of PCR amplifications and an in vitro transcription reaction. 
During the first round of PCR about 600bp unique exon sequence (in red) is amplified 
from eiher genomic or cDNA and extensions are introduced, which represent the last 
18bp from the 27bp-minimal T7-promotor sequence (blue). At the second round of PCR 
the full 17 promotor sequence is introduced on both sides, which is then used in an in 
vitro transcription reaction to direct the transcription of both sense and antisense 
strands. The transcripts later form a duplex. 
resuspended in 40tl RNase-free H 20 and double-strand RNA duplexes were induced 
by heating to 650C for 30min and slowly cooling down to 0 °C. The dsRNA was 
checked on an agarose gel, quantified by spectrophotometry and stored at -20 0C. 
2.13.2 Induction Of The dsRNA Interference 
To induce the gene silencing process, the dsRNA was transfected into cells 
by adding it to the culture. Healthy growing cells at density of 5-7x 106  cells/ml were 
diluted with serum-free Schneider's medium to 1x10 6 and -45tg of dsRNA was 
added to lml of diluted cells. After a lh serum-starvation, 2m1 of serum-containing 
medium was added. Typically the cells were incubated with the dsRNA for 4-7 days 
and examined by immunoblotting or immunofluorescence. 
	
2.14 	Drug Treatments 
Coichicine (Sigma) was used to depolymerise microtubules and induce 
mitotic arrest at 6pg/ml. 
For Dynein inhibition sodium orthovanadate (Sigma) was added to the cell 
culture at 100PM for 4h. 
2.15 	Immunostaining Of S2 Cells 
S2 cells were prepared for immunofluorescence analysis by plating onto 
concanavalin A (con A) coated coverslips, which were prepared in the following 
2.15.1 Preparation Of Con A-Treated Coverslips 
Coverslips (thickness 1mm, VWR International) were washed 3 x 5min in 
dH20, treated with 0.5M HC1 for 30min and then washed 3 more times with dH 20 
for 5min each and once with 100% ethanol for 30mm. After allowing to air-dry the 
coverslips were dipped into 0.5mg/ml con A (Calbiochem) solution and allowed to 
air-dry again. The coverslips were sterilised by exposing to UV light source for 1 h 
and stored at 4 0C. 
Cells were diluted to 3-6x10 5 cells/ml with Schneider's medium + 10% FBS 
and plated onto the Con A coverslips for 2-24h as described in Rogers et al., 2002. 
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2.15.2 Immuno staining Procedure 
Cells were fixed in cold methanol/formaldehyde fix (90%methanol, 3% 
formaldehyde, 5mM Na 2CO3 pH9, prechilled to -80 0C) for 1 5mm at -80 0C and 
15min at ambient temperature. The coverslips were rinsed twice with washing buffer 
(0.1% Triton X-100 in PBS), blocked in blocking solution (10% FBS in washing 
buffer) for lh and incubated with the primary antibodies diluted in the blocking 
solution for lh. After 4 washes of 3min the cells were incubated with the secondary 
antibodies diluted in the block solution for lh. Two 3min washes were followed by 
10min incubation with 0.4ig/i1 DAPI diluted in washing buffer for DNA staining. 
After two final washes with washing solution and one with PBS, the coverslips were 
mounted onto slides with mounting medium (2.5% propyl gallate, 85% glycerol). 
Cells were visualised with an Axioplan-2 fluorescent microscope (Zeiss) and images 
were recorded with an attached CCD camera (Hamamatsu), controlled by OpenLab 
2.2.1 software (Improvision). Images were processed using Photoshop (Adobe). 
2.16 	Measurements Of Microtubule Plus End Signals 
Microtubule plus end signal (S) for both EB 1 and CLIP- 190 was measured as 
average pixel intensity within a hand-drawn area tightly surrounding a particular plus 
end signal. The local background (B) was measured in the same way, as average 
pixel intensity within two hand-drawn areas on either side of a particular plus end 
signal. The formula (S—B)IB was used to subtract the background from the signal and 
to compensate for variation in exposure and brightness. A total of at least ten plus-
end signals were measured in at least three separate cells for each cell-cycle stage. 
Measurements were made using OpenLab 2.2.1 (Improvision). 
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Chapter 3 DISRUPTION OF CLIP-190 EXPRESSION 
3.1 	Background 
In order to study the function of CLIP- 190 in Drosophila development it was 
necessary to disrupt the normal expression of the gene, which is normally done by 
some kind of mutagenesis, and examine the effects that arise as a result of the 
disruption. 
In this chapter I describe several different approaches that I undertook to 
perturb the expression of CLIP- 190, the reasoning behind these approaches, the 
outcome from the mutagenesis and I propose explanations that could account for the 
observed results. 
3.2 	Characterisation Of 2 P-Element Insertions In The CLIP-190 Gene 
The initial choice for a CLIP-190 mutagenesis strategy was determined by the 
discovery of two P-element insertions in the gene, which had at that time just been 
incorporated into the Bloomington Stock Centre (http://flystocks.bio.indiana.edu ). 
The insertions had been generated in Hugo Bellen's laboratory as part of the 
Drosophila Gene Disruption Project initiative (Bellen et al., 2004). 
The two P-element stocks were the following: 
y1; 
1+mDint2 w lIm=SUPor P1 CLIP-i 90KCO6490/CyO;  ry506 
For simplicity I will refer to that insertion as "P I,, . 
y' w67'23; [y+mDInt2 wBEB=SUPor_P] CLIP-i 90KG07837 
For simplicity I will refer to that insertion as "P 2". 
Both insertions were caused by the P-element based vector PISUP0r-PI, 
which carries the body and eye colour markers, y+mthtt2 	(Roseman et al., 
1995). 
The initial characterisation of the insertion lines included several essential 
questions that needed to be answered before the insertions could be used as a tool for 
further functional analysis of CLIP-190. Among them the most important ones were: 
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Can the presence and reported location of both P-elements be verified? 
Are the lines homozygous lethal/sterile; is there any other phenotype? 
If yes, is the phenotype associated/caused by the P-insertion? 
What is the effect of the P- insertion on the expression of CLIP- 190? 
	
3.2.1 	Confirmation Of The Presence And Location Of The P-Elements 
The insertions had been previously mapped by inverse PCR and sequencing 
of the flanking regions (Bellen et al., 2004) and the insertion sites were found to be: 
For P' - 6 bp into the first intron of the CLIP-190 gene in the 5' UTR 
For P2 - 1080 bp into the third intron, which is also the biggest one (8534 bp) 
and is the first intron after the start of the coding sequence, (Figure 3. 1, A) 
I confirmed the presence and location of the P-insertions by PCR. Using one 
primer, corresponding to the inverted repeats at the P-element ends, and the other in 
the reported flanking region on either side of the insertion, I amplified specific 
fragments with the predicted size from genomic DNA of the P 1 and P2 flies, but not 
from Wt, (Figure .3.1, B). 
3.2.2 	Establishing The Phenotype Of The P' And P 2 Insertions 
The stock centre data claimed that P' was homozygous lethal, balanced over 
CyO, while P2 was homozygous viable, maintained unbalanced. Upon stock arrival, 
however, both stocks were found to be balanced over CyO, without any non-CyO 
flies appearing over several generations. Change of the balancer of the P'-line to 
In(2LR)Gla, Bc Elp demonstrated that P'/P' was actually not lethal, but semilethal. 
The homozygous flies developed much later than the balanced ones and had curled 
wings and very poor fertility. The wing phenotype made them completely 
indistinguishable from the CyO flies. 
P' failed to complement the deficiency Df(2L)H20, which uncovers the 
CLIP-190 gene and became fully lethal from homozygous semilethal, while P 2 did 
complement and P2/Df(2L)H20 flies appeared normal. This result showed that on the 
P'-cbromosome there was at least one semilethal /lethal mutation, uncovered by 
Df(2L)H20, and on the P 2-chromosome there was at least one lethal mutation, which 
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Figure 3.1 Two P-element insertions in the CLIP-190 gene 
A: The intron-exon structure of the CLIP-190 gene is represented. 
Introns are depicted by horizontal bars, coding sequences are marked by orange boxes 
and untranslated regions are in white boxes. Two P-element insertions in the gene are 
shown. The P-element-based vectors (in blue) are in scale and their integration sites are 
indicated. P' and P 2 are known formally as P{SUPor-P} CUP- l90'"° 7837 and P{SIJPor-
P}CLIP190toM9o, respectively. B: Confirmation of the P-element insertions by PCR. 
The two insertions and their flanking regions are shown. Primers were designed so that 
one covers the terminal inverted repeat of the P-element (black triangles) and the other 
is in the reported flanking sequence on either side of either insertion. Only DNA from 
the P'. respectively P 2 , but not Wt lines gave specific signal of the expected size. 
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The second-site lethal mutation in the P 2 line was removed by standard 
recombination techniques and it was established that P 2/P2 flies were viable. 
However, by purging the P 2-chromosome of the lethal mutation, another second-site 
mutation causing female sterility was unmasked. So P 2/P2 homozygous females were 
sterile, laying eggs that did not develop. The female-sterile phenotype was not 
associated with the P 2 insertion, since P 2/Df(2L)H20 females were fertile. 
Complementation tests between P 1 and P2 demonstrated that the P'/P 2 trans-
heterozygotes were both viable and fertile. 
At this point it was very important to determine whether the semilethal 
mutation on the P'-chromosome was linked to the P'-insertion. The mutation was 
uncovered by Df(2L)H20, which was a good indication for the above. However, 
Df(2L)H20 is a relatively large deletion (1.5 - 1.8 Mbp), deleting 100 - 140 genes, 
so there was still a possibility, that the phenotype was caused by a mutation in 
another gene in Df(2L)H20 and not by the P'-insertion in CLIP-190. 
	
3.2.2.1 	Reversion Test By P-Element Remobilisation 
There is a standard technique, the so-called "reversion test", that is used to 
demonstrate whether or not a particular phenotype is linked to a particular P-element 
insertion. With this method the P-element is remobilised by reintroduction of a 
transposase source and it "jumps out" from the original location. Then if the 
phenotype was caused by that P-insertion, it should "revert" to wild type at 
significant frequency. If the phenotype persists, it means that it is not caused by the 
P-insertion. 
I applied this approach to the P'-line (Figure 3.2). After remobilisation of the 
P 1 -element, the P 1 -chromosomes that lost the P-element markers 
(pl*), 
 were tested 
over the original P' or Df(2L)H20 in the next cross, for reversion of the semilethal 
/lethal phenotype. The results showed that in all crosses tested, the phenotype failed 
to revert, indicating that it was not caused by the P'-insertion. 
3.2.2.2 	Genomic Rescue 
An alternative method for assigning a given phenotype to a mutation in a 
particular gene is the so-called "genomic rescue". Here the mutant phenotype is 
50 
a'c?CyO/Sp; i2-3,Sb/TM6 	X 	yw; P 1 /CYO 
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50 individual Fl-crosses scored - no P 1 / P 1  
18 individual F2-crosses scored - no Pl*/Df(2L)H20 
Figure 3.2 Reversion test for the P'-chromosome lethality 
In order to establish whether the semilethal mutation on the P'-
chromosome is caused by the P'-insertion, the P-element was remobilised. Progeny, 
lacking the P-element (P', as judged by the eye- and body colour reversion) was 
crossed individually to the original P'-chromosome and/or Df(2L)H20 and scored for 
reversion of the lethality. No pl*/  P I or P't/Df(2L)H20 revertants were detected in 50 
or 18 crosses respectively. These results strongly suggest that the mutation on the P' - 
chromosome is not associated with the P'-insertion. 
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"rescued" back to wild type by introducing an extra copy of the wild-type allele into 
the mutant. 
In order to verify the result from the reversion test and also to have a tool for 
confirmation of further CLIP- 190 mutations I generated a rescue construct and 
transformed flies with it. The construct contained a full-length CLIP-190 cDNA 
downstream of a constitutive polyubiquitin promotor in the pWR-pUbq 
transformation vector (see Materials and Methods section). The construct was called 
pUbR (for Ubiquitin-promotor rescue construct). The type of promotor was chosen 
because all preliminary data indicated a likely ubiquitous expression of the CLIP- 190 
gene. Firstly, the existence of cDNAs for CLIP- 190 from various different libraries 
showed that the gene was expressed in most if not all Drosophila tissues (Stapleton 
et al., 2002). Secondy, the CLIP-190 protein was present throughout Drosophila 
development, as judged by immunoblotting of consecutive developmental stages 
(Figure 3.3 A, for generation and specificity of anti-CLIP-190 antibodies see section 
4.2.1). 
Flies were transformed by standard germ line transformation techniques (see 
Materials and Methods section) and transformant lines were tested by 
immunoblotting and confirmed to overexpress CLIP- 190 (data not shown). One of 
the X-chromosomal transgene insertions was selected for rescue experiments 
because of the near-to-physiological expression levels of the vector (Figure 3.3 B). 
The homozygous line had approximately two fold higher CLIP- 190 protein levels 
than a wild-type line. 
The X-chromosome bearing the rescue construct was introduced into the 
mutant background and tested for rescue of the phenotype. The outcome was that the 
pUbRJ+; P'/P' flies were still semilethal and the wing phenotype persisted and 
pUbRJ+; P'/Df(2L)H20 flies failed to emerge. This failure to rescue the phenotype 
was another proof that the latter was not linked to the CLIP-190 gene. 
3.2.3 	Generation Of A Small Synthetic Deletion Uncovering The CLIP-190 Gene 
The results so far indicated that the P' and P 2 lines had secondary mutations. 
The P2 line had at least one female-sterile mutation, which was initially masked by at 
least one lethal mutation; the latter was consequently recombined out. Neither of 
52 
A 
El 	E2 Li 	L2 L3 P1 P2 
CLIP -_p 
Tub WO _____  
pUbR 
Wt pUbR 
CLIP f— i-u 
Tub  
Figure 3.3 A CLIP-190 genomic rescue line 
A: CLIP- 190 is expressed throughout Drosophila development. A 
western blot is shown, which demonstrates the relative amounts of CLIP- 190 protein 
during the different stages of Drosophila development. El means embryo 0-4h, E2 - 
embryo 4-16h, L  - first instar larva, L2 - 2' instar, L3 - 3d instar, P1 - early pupa, P2 - 
late pupa. The same amount of material is loaded in each well, tubulin is used as a 
loading indicator. Although reduced in the pupa stages, CLIP- 190 is present during all 
phases. B: A western blot demonstrating the overexpression of full-length CLIP-190 in 
a CLIP-190 genomic rescue fly line. The line was produced by fly transformation with 
a construct, which expresses the CLIP- 190 cDNA under the control of a ubiquitin 
promotor. The overexpression is moderate, approximately 2-fold higher than wild type 
levels, in flies which have two copies of the construct. 
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these was linked to the P 2 -insertion, since P 2/Df(2L)H20 flies were viable and fertile. 
The P 1 line had at least 1 semilethal mutation, which became lethal over Df(2L)H20, 
but a reversion test and a genomic rescue experiment demonstrated that the 
phenotype was not due to the P 1 -insertion. However, it was still possible that the P'-
insertion caused some phenotype on its own, which was masked by the stronger 
semilethalllethal mutation. To address that possibility and to perform future CLIP-
190 complementation experiments with higher precision, a smaller deficiency was 
needed, which would uncover the gene, but delete as few neighbouring genes as 
possible. 
Such small deletions with defined breakpoints can be generated using a P-
element based FLP-FRT recombination system. If two P-elements carrying flipase 
recognition target (FRT) sites in the same orientation are placed in trans and 
recombination is induced by introducing a source of flipase (FLP) recombinase, it 
can result in a deletion of the region between the P-elements and a generation of a 
new hybrid P-element originating from the initial two (Golic and Golic, 1996). This 
fact was used by The DrosDel Consortium to generate a large number of insertion 
lines containing specially designed for the purpose P-elements, which were made 
available to the Drosophila community (Ryder et al., 2004). 
Using a combination of two P-elements from DrosDel, I managed to produce 
(see Materials and Methods section for details) a small deletion, uncovering the 
CLIP-190 gene region (Figure 3.4 A). The deletion was called Df(2L)ED8382, 
according to the DrosDel nomenclature and it spanned 67, 671 bp, entirely deleting 7 
genes including CLIP- 190 and partially deleting 2 more genes. The deletion was 
homozygous lethal and failed to complement Df(2L)H20. Additionally the deletion 
was confirmed by PCR (Figure 3.4 B). The homozygous lethality could not be 
rescued by introducing the rescue construct pUbR, indicating that there was at least 
one essential gene uncovered -by the Df(2L)ED8382, other than CLIP-190. 
Finally, to elucidate the effect from the P 1 and P2 insertions, complementation 
tests were carried out with the Df(2L)ED8382. As expected P 2/Df(2L)ED8382 flies 
were fully viable and fertile, just like P 2/Df(2L)H20. Df(2L)ED8382 complemented 
entirely the semilethality and wing phenotype of the P' chromosome, a final proof 
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Figure 3.4 Generation of a small deficiency with defined 
breakpoints uncovering the CLIP-190 gene 
A: The generated deficiency Df(2L)ED8382 deletes entirely 7 genes, 
including CLIP-190 and partially 2 more genes. It spans 67671 bp. The genomic 
region, deleted by Df(2L)ED8382 is shown in pink. Genes are depicted as blue arrows. 
A nucleotide and a cytological band maps are presented. B: A PCR verification of the 
generated Dg2L)ED8382. Primers were used on either side of the P' -insertion, which 
could amplify 1.8 Kb from a wild type chromosome, but cannot generate a product from 
the Pt-chromosome, because the inserted element is too big. So genomic DNA from 
P'± flies produces a signal (first panel), but P'IP' DNA fails (second panel). 
P 'Df(2L)ED8382 DNA does not produce a signal, because the Df-chromosome lacks 
the whole region (third panel). The panel on the right shows that specific PCR products 
with the expected size can be amplified from Df(2L)ED8382/+ fly DNA using a 
element-end primer and a primer on either side of the deleted sequence. 
that these phenotypes were not caused by the P'-insertion. P t /Df(2L)ED8382 flies 
were fully viable, fertile and indistinguishable from wild type. 
In conclusion it was established that neither of the two P-element insertions 
in CLIP- 190 disrupted the gene in a way or extent as to cause any visible phenotype. 
3.2.4 Determination Of The CLIP-190 Protein Levels In The P-Insertion Lines 
The final issue in the initial characterisation of the two CLIP- 190 insertions 
concerned their possible effect upon the expression of the gene. The P[SUPor-P] 
construct is above 11 Kb in length and both P' and P 2 insertions were after the 
transcription start site, P' - in an intron in the 5' UTR and P 2 - in the first intron after 
the START codon (Figure 3.1 A). An interrupting sequence of such size was very 
likely to interfere with the transcription of the gene. This possibility was tested by 
examining the presence, size and amount of the CLIP- 190 protein by 
immunoblotting. Whole-fly extracts were prepared from wild-type and P-insertion 
flies and equal amounts were loaded onto the gel (Figure 3.5 A). The immunoblot 
demonstrated that the insertions down-regulate the expression of CLIP-190. Both P' 
and P2 homozygous flies had clearly reduced levels of CLIP- 190 protein and the 
reduction was even stronger in the P'/Df(2L)ED8382 and P 2/Df(2L)ED8382 flies, 
respectively. The P 2 insertion had stronger effect on the CLIP- 190 expression than 
P', which was evident in both the homozygous and the Df lines. Neither insertion 
disrupted the expression completely. 
I examined the extent of the protein reduction in the strongest allele 
combination, P2/Df(2L)ED8382 in comparison to wild type (Figure 3.5 B). The 
P2LDf(2L)ED8382 extract was run next to an equal amount of wild-type extract, 
followed by a dilution series of the latter. The blot showed that P 2/Df(2L)ED8382 
flies produce roughly 15% of the wild-type protein levels. 
To summarise, the two P-element insertions in the CLIP- 190 gene represent 
hypomorphic alleles. P 2 is the stronger allele and P 2/Df(2L)ED8382 flies only have 
about 15% from the normal CLIP-190 protein levels. This protein reduction however 
does not affect the viability of the flies, their fertility or cause any obvious visible 
phenotype. 
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Figure 3.5 CLIP-190 expression levels in the P-insertion lines 
A: The western blot demonstrates that the P-element insertions affect 
the expression of CLIP-190. Total fly extract from adult males of different genotypes 
was loaded equally in each lane. Tubulin was used as loading control. From the P 1 /P' 
and P 2/P2 lanes it is clear that both insertions reduce the protein levels of CLIP-190. 
Note that is stronger allele in comparison to P 1 both as homozygous and over the 
Df(2L)ED8382. B: A quantification of the expression levels of CLIP-190 in the 
strongest hypomorph P 2/Df (first lane) in comparison to normal expression levels. Serial 
two-fold dilutions of the wild type extract show that the P 2/Df flies have about 15% 
from the normal protein levels of CLIP-190. 
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3.3 	P-Element Remobilisation To Generate A Lethal Mutation 
Since in hypomorphic alleles, like the P' and P 2 insertions, no phenotype was 
induced, apparently a null allele was needed in order to be able to study the function 
of CLIP-190. 
P-elements are routinely used in Drosophila genetics to generate new alleles, 
including null alleles, by imprecise excision after remobilisation. On that basis I used 
the P2-element insertion to carry out a P-element remobilisation screen for CLIP- 190 
null alleles. The screen relied on the assumption that a loss-of-function allele of 
CLIP-190 would be homozygous lethal. The reason for making such an assumption 
was the fact that CLIP-190 was the only homolog in Drosophila, a member of a very 
conserved family of proteins, sharing high homology and identical structure with the 
mammalian homolog CLIP- 170. 
was remobilised by introducing a transposase source into the p2_ 
background(Figure 3.6). Jumpstarter males were crossed individually to balancer 
females and from the progeny of each cross a single male with a P2-excision (P2*) 
was selected, judged by the reversion of the body and eye colour. The 2* 
chromosomes were then tested for lethality over Df(2L)H20. After screening through 
the progeny of 700 individual F2 crosses, however, no lethal mutation was identified 
and the screen was terminated. 
There are two explanations for the negative results from the screen. Either 
700 individual excision events were not enough to generate a deletion of an 
indispensable part of the gene, or the initial assumption of CUP-190 being an 
essential gene was incorrect. These two possibilities are discussed later (see the 
Discussion section). 
3.4 	In Vivo dsRNAi Of CLIP-190 
In parallel with the characterisation and study of the two P-element insertion 
lines, another approach was initiated to disrupt the expression of the CLIP- 190 gene. 
RNA interference (RNAi) has been shown to be a powerful reverse-genetic 
tool for targeting genes in Drosophila and efficient vectors for dsRNA expression 
have recently been developed (Lee and Carthew, 2003). In an alternative effort to 
study the function of CLIP- 190, 1 undertook an RNAi knockdown of the gene. 
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Results: 
700 individual F2-crosses were screened. 
No lethal mutations were generated. 
Figure 3.6 P-excision mutagenesis of CLIP-190 
A crossing scheme of the P 2 -remobilisation mutagenesis is presented. 
The aim of the experiment was to generate a lethal allele of CLIP- 190 by an imprecise 
excision of the P-element. A transposase source was introduced in the first en masse 
cross. In Fl jumpstarter males were crossed individually to a balancer stock. In F2 
males with a successful P-excision were selected by the changed eye and body colour 
and crossed individually to Df(2L)H20-females. In the case of an imprecise excision, 
'hich would delete essential parts of CLIP-190 and generate a lethal allele, all flies in 
F3 would be balanced. After screening 700 F2 crosses no lethal mutations were 
generated. Possible explanations are discussed in the text. 
The Ga14-UAS system based vector pWIZ was used (Lee and Carthew, 2003) 
and a part from a CLIP- 190 exon was cloned in opposite orientations so as to 
produce a hairpin RNA after transcription (for details see the Materials and Methods 
section). The construct was verified by sequencing and called pWIZ-CLIP2. Fly 
germ-line transformation was performed (see the Materials and Methods section) and 
several transgenic lines were generated. A 3dchromosome  insertion line, which was 
found to be homozygous viable was selected for further analysis. 
The power of the Gal4-UAS system is that it allows for tissue-specific 
expression, however, before addressing the question about the role of CLIP-190 in 
individual tissues I firstly needed to get an insight of the general or major CLIP- 190 
function in Drosophila development. That is why I initiated the expression of the 
RNAi construct under the control of the ubiquitous Act-GAL4 driver. 
Activation of the hairpin construct resulted in downregulation of the CLIP-
190 expression, which was verified by immunoblot (Figure 3.7). The protein 
reduction was quantified and found to be about 15% of the wild-type protein level 
(Figure 3.7). In other words, the protein reduction was roughly the same as the one in 
the P2/Df(2L)ED8382 fly line (see Figure 3.5). Also, similar to the P2/Df(2L)ED8382 
line, this reduction did not cause any viability, fertility or morphological defects. The 
flies appeared normal. 
3.5 	Overexpression Of The CLIP-190 Gene In Whole Flies 
In yet another effort to generate phenotype by affecting the expression of 
CLIP-190, I used the rescue construct pUbR (see section 3.2.2.2) to overexpress 
CLIP- 190. Various homozygous-viable pUbR-insertions were tested, however none 
generated any visible phenotype on its own even when homozygous. pUbR 
insertions on different chromosomes were combined together. The fly line with 
highest overexpression that I generated contained two pUbR insertions on 3d 
chromosome and 1 insertion on the X chromosome. In homozygous flies that 
represented 6 extra pUbR copies in the genome in addition to the 2 endogenous 
CLIP-190 alleles. Still there was no obvious effect on the fly viability, fertility, 
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Figure 3.7 CLIP-190 expression in flies is silenced by hairpin RNA 
The UAS-based construct pWIZ-CLIP2 for CLIP-l90 specific hairpin 
RNA expression was activated with the Act-Ga14 driver. Flies, expressing the hairpin 
RNA exhibit substantially reduced levels of CLIP-190 protein. A quantification blot is 
shown where total fly extract was loaded from the hairpin expressing flies (lane I) next 
to an equal amount of wild type extract (lane 2), followed by serial dilutions of the 
latter. Tubulin (lower panel) is shown as loading control. The CLIP-190 protein levels 
in the hairpin expressing flies is about 15% from the wild type levels, which is similar 
to the P2 / Df(2L)ED8382 line (see Figure 3.5). 
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The CLIP-190 protein levels in these flies were quantified in comparison to 
wild-type flies by immunoblotting (Figure 3.8). The quantification showed that the 
overexpressing flies had roughly 8 times more CLIP- 190 protein than wild-type flies. 
3.6 	Conclusion 
In conclusion it is now clear that flies are tolerant to big changes in the 
normal protein levels of CLIP- 190, since fly lines expressing between 15% and 
800% of the wild-type CLIP-190 levels fail to show any obvious phenotype. A 
generation of a "clean" null allele would be necessary to show whether or not CLIP-
190 is an essential gene and what its major function in Drosophila development is. 
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Figure 3.8 Overexpression of CLIP-190 
Quantification of the expression levels of CLIP-190 (upper panel) in a 
fly line containing 6 extra CLIP-190 transgene copies under the control of a ubiquitin 
promotor. In the first lane is loaded total adult extract from wild type flies. The second 
lane represents an equal amount of extract from the overexpression line and it is 
followed by two-fold dilution series. Tubulin (lower panel) is used as a loading control. 
The intensity of the wild type band is roughly equal to the 12.5% (1/8) dilution, which 
means that the level of CLIP-190 protein in the 6X pUbR fly line is roughly 8 times 
higher than the normal level. 
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Chapter 4 DETERMINANTS OF A DIFFERENTIAL CLIP-190 
LOCALISATION DURING THE CELL CYCLE 
4.1 	Background 
In this chapter I describe the analysis of the subcellular localisation of CLIP-
190 in Drosophila Schneider-2 (S2) cell culture, the mechanisms by which it 
localises to different cell compartments during the stages of the cell division cycle 
and I also try to give an insight into possible regulation of that differential 
localisation by the cell cycle control machinery. 
S2 cell culture became the system of choice for studying CLIP-190 
subcellular behaviour for two major reasons. Since the introduction of concanavalin 
A as a substrate for cell adhesion, S2 cells have become a very popular cytological 
system, especially for studying the microtubule cytoskeleton. The reason for this is 
the increased cell area after spreading, which allows better resolution and analysis of 
single microtubule events around the cell periphery (Rogers et al., 2002). Secondly, 
S2 cells are a very well established system for performing dsRNA silencing, a 
powerful tool for analysis of gene function. 
4.2 	Differential Subcellular Localisation Of CLIP-190 During The Cell 
Cycle 
4.2.1 	Generation Of A Specific Anti-CLIP-190 Antibody 
In order to be able to study the subcellular localisation of CLIP- 190, I raised 
polyclonal antibodies against two regions of CLIP-190. The regions corresponding to 
amino acid 851-1468 and 1280-1690 of CLIP-190 were cloned-into a GST fusion 
vector and the recombinant proteins (GST-cc and GST-C, respectively) were 
expressed and purified. The purified proteins were then used as antigens for 
immunisations of a rabbit (GST-C) and a sheep (GST-cc). The final bleeds were used 
for affinity purification of the sera with a membrane-bound antigen (Harlow and 
Lane, 1988). Both antibodies showed similar results when used for immunoblotting 
and for immunostaining of fixed tissues (Figure 4.1; Only results for the rabbit 
antibody are shown). 
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Figure 4.1 A specific anti-CLIP-190 antibody 
A: The rabbit a-GST-Caff antibody recognizes a single band of the 
expected size on an immunoblot from a whole-fly extract. B: The band intensity is 
decreased in flies homozygous for a P-element insertion in the CLIP-190 gene. Tubulin 
was used as a loading control. C: The antibody stains the central nervous system (the 
ladder-like structure in the middle) in late embryos as reported before for CLIP-190 
localization (Lantz and Miller, 1998). Bar = 10!1 in. 
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Both affinity-purified sera, but not the preimmune sera, recognized a single 
band of the expected size (-l90 kDa) on a western blot of total fly extract (Figure 
4. 1, A). Compared to WT flies, the band intensity was significantly reduced in flies 
homozygous for a P-element insertion in the CLIP-190 gene, (Figure 4. 1, B). 
Additional evidence that the band was indeed CLIP- 190 came from the depletion of 
CLIP-190 in S2 cell culture by dsRNAi (see chapter 4.4.4). The band was 
specifically reduced (see Figure 4.12, A). 
In addition, immunostaining of late Drosophila embryos with the antibodies 
revealed a specific staining of the central nervous system (Figure 4. 1, C), exactly as 
reported before for CLIP-190 (Lantz and Miller, 1998). 
In conclusion, two polyclonal antibodies were raised (one in rabbit and one in 
sheep) against different regions of CLIP- 190. After affinity purification the 
antibodies proved to recognize specifically CLIP-190 on both immunoblots and in 
fixed tissues and were subsequently used as tools for studying the subcellular 
behaviour of the protein. 
4.2.2 	CLIP-190 Localises To Microtubule-Plus-Ends During Interphase 
In order to study the subcellular localisation of CLIP- 190 in cell culture, S2 
cells were spread on conA-coated slides and fixed in cold methanol. Cells were then 
immunostained for a-tubulin and CLIP- 190, and counterstained for DNA. 
As expected, CLIP- 190 accumulated primarily on microtubule plus ends in 
interphase cells (Figure 4.2). A relatively high cytoplasmic background in the form 
of small dots suggested a non-microtubule-associated cytoplasmic pool of the protein 
and a weak staining could sometimes be seen along the side of microtubules. 
Interestingly, the microtubule plus end staining varied quite a lot in both 
intensity and length, so that individual microtubule ends could have long streaks of 
CLIP-190 (Figure 4.2, white arrow), a dot-like cap of CLIP-190 (Figure 4.2, yellow 
arrow) or no CLIP-190 staining at all (Figure 4.2, white arrowheads). This variability 
probably represents differences in the dynamic state of individual microtubules, 
since other CLIP homologs have been shown to accumulate mainly on polymerising 
microtubule plus ends, but not so much on pausing or depolymerising ones (Perez et 
al., 1999). 
Figure 4.2 CLIP-190 localizes to microtubule plus ends in 
interphase cells 
Top panel, in interphase cells CLIP-190 can be seen in the cytoplasm 
(dotty staining) and as stretches, coinciding with the distal (plus) ends of microtubules. 
The selected area in the yellow rectangle is shown at higher magnification in the lower 
panel to demonstrate the variability in the plus-end localization of CLIP- 190. A 
microtubule plus end could be associated with a long streak of CLIP-190 (white arrow), 
a short one (yellow arrow) or none at all (white arrowheads). Bar = 10l.tm. 
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In summary CLIP- 190, like other homologs, localises mainly on microtubule 
plus ends in interphase cells. 
4.2.3 	CLIP-190 Localises To Kinetochores During Mitosis 
In mitotic cells, however, CLIP-190 did not associate significantly with 
microtubules, rather it accumulated as discrete foci on the condensing chromosomes 
(Figure 4.3, A). Since these foci were never observed in interphase nuclei and 
because they frequently coincided with the primary constrictions of condensed 
chromosomes, it was likely that they represented kinetochores. I confirmed that 
possibility by costaining with a known kinetochore marker, BubRi. Indeed, the two 
proteins colocalised (Figure 4.3, B), proving that CLIP-190 associates with 
kinetochores during mitosis. It should be noted that CLIP-190 always localised 
distally relative to BubRi (see also Figure 4.4, C), which is an outer kinetochore 
protein, indicating that CLIP-190 is one of the outermost kinetochore proteins. 
4.3 	Analysis Of CLIP-190 Kinetochore Localisation In Mitosis 
4.3.1 	CLIP-190 Localises Only To Unattached Kinetochores During 
Prometaphase 
A closer examination of the kinetochore staining of CLIP- 190 revealed that it 
occurred only during prometaphase. By metaphase, chromosomes lost their 
associated CLIP-190 (Figure 4.4, A) and for the rest of mitosis CLIP-190 remained 
predominantly cytoplasmic with a very weak spindle association. Also, in 
prometaphases where some chromosomes were aligned at the metaphase plate and 
some were not, CLIP-190 associated mostly with the unaligned chromosomes (see 
Figure 4.3, B and Figure 4.4, B). Additionally, frequently only one of the two sister 
kinetochores displayed a CLIP-190 signal (Figure 4.4, B). In most of these cases, 
that was the kinetochore which was facing away from the nearest spindle pole. 
All of these observations led to the hypothesis that CLIP-190 associated only 
with unattached kinetochores. This was tested by depolymerising the microtubule 
cytoskeleton with the drug colchicine. After incubation with the drug, cells arrest in 
mitosis due to activation of their spindle checkpoint. In these conditions CLIP- 190 
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Figure 4.3 CLIP-190 localizes to kinetochores in mitosis 
A: In the beginning of mitosis, after NEB, CLIP-190 can be seen as 
discrete dots coinciding with the condensing mitotic chromosomes. B: Later, when the 
chromosomes have already condensed, CLIP-190 stains their primary constrictions and 
colocalizes with a known kinetochore marker - BubR 1. CLIP- 190 localizes to the 
kinetochores distally relative to BubRI. Bars = lOtm. 
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Figure 4.4 CLIP-190 localises only to unattached kinetochores 
during prometaphase 
A: CLIP-190 disappears from all kinetochores by the time the 
chromosomes align in a metaphase plate. B: Usually CLIP-190 is only seen at 
kinetochores of chromosomes that are not yet aligned in the middle. Frequently CLIP-
190 is seen on only one sister kinetochore, the one facing away from the nearest pole. 
C: When cells are arrested in metaphase by microtubule depolymerisation, CLIP-190 
accumulates on all kinetochores. Again CLIP-190 is seen on the outside of the 
checkpoint protein F3ubR 1. Bars = 10pm. 
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bound to both sister kinetochores of all chromosomes, confirming the hypothesis 
(Figure 4.4, C). 
4.3.2 	Localisation To Unattached Kinetochores Is Independent Of An Active 
Spindle Checkpoint 
Lack of microtubule attachment on kinetochores is one of the major signals 
which engages the spindle checkpoint, and unattached kinetochores are the primary 
site of action of the checkpoint. Since CLIP- 190 localised only to unattached 
kinetochores, where the checkpoint was active, an obvious question emerged, 
whether the activity of the checkpoint pathway regulated the association of CLIP-
190 to kinetochores. I tested this possibility through inactivation of the spindle 
checkpoint by depletion of an essential checkpoint protein. Mad  was chosen, 
because recent work in mammalian cells had demonstrated efficient inactivation of 
the checkpoint by Mad  RNAi depletion without affecting other mitotic parameters, 
such as mitotic transition time (Meraldi et al., 2004). 
Since no Mad 1 homolog had yet been described in Drosophila, I performed 
BLAST searches and identified one putative homolog (CG2072/TXBP 181-like), 
which had a clear sequence homology (a bit score of 135) to the human Mad! 
homolog (TXBPI8I), a similar size and similar predicted coiled-coil distribution. 
When the protein was depleted by RNAi, a typical checkpoint-defective phenotype 
was observed (Figure 4.5, A). This included low mitotic index, failure to arrest after 
microtubule depolymerisation and frequent segregation defects, such as lagging 
chromosomes and chromosome bridges (not shown). This result confirmed that 
CG2072/TXBP18 1-like is the functional homolog of Mad  in Drosophila and that its 
depletion leads to checkpoint inactivation in S2 cells. 
Next I examined the CLIP-190 kinetochore localisation in Mad I-depleted 
cells, which had their checkpoint inactivated (Figure 4.5, B). The proportion of 
prometaphase cells that were positive for CLIP- 190 on at least one kinetochore was 
statistically indistinguishable between control- and Mad 1-depleted cells (left half of 
the diagram). Also, in colchicine treatment, the percentage of Mad 1-deficient mitotic 
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Figure 4.5 An active checkpoint is not required for CLIP-190 
kinetochore localisation 
A: Depletion of Madi or BubRI efficiently inactivates the spindle 
checkpoint The mitotic index (n ~ 1000 cells for each experiment) in asynchronous 
culture is significantly lower in Mad  or BubR 1-depleted cells, compared to controls 
(left diagram). Mad  or BubRl depleted cells fail to arrest after microtubule 
depolymerization with coichicine (right diagram). B: Kinetochore localization of CLIP-
190 is not affected by Mad  depletion. The proportion of prometaphase cells (left half 
of the diagram) or colchicine-arrested cells (right half), that display CLIP-190 on at 
least one kinetochore is not significantly different between control and Mad 1-depleted 
cells, as judged by a standard x 2 -test (n = 100). C: Kinetochore localization of CLIP-
90 is not affected by BubRi depletion. Bar 10tm. 
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diagram). These results show that even in the absence of checkpoint activity, CLIP-
190 is still able to bind to kinetochores. 
To confirm the hypothesis for a checkpoint independent kinetochore 
localisation of CLIP-190, I depleted another essential checkpoint protein, BubRi. 
Again typical checkpoint-deficient phenotypes were observed (Figure 4.5, A), 
verifying successful knockdown and checkpoint inhibition. Unlike with Mad 1, 
however, a BubRi antibody was available for immunostaining, which allowed me to 
identify individual BubRi-deficient cells. Such cells, lacking BubRi signal on 
prometaphase kinetochores, still had their CLIP-190 kinetochore association 
unperturbed (Figure 4.5, Q. This result proved definitively that an active checkpoint 
is not required for the kinetochore localisation of CLIP- 190. 
4.3.3 	Determinants Of CLIP-190 Kinetochore Localisation 
Since the spindle checkpoint was not involved, the question of the molecular 
mechanism of CLIP-190 kinetochore localisation was still unanswered. I decided to 
address it by targeting a number of candidate kineto chore proteins by RNAi and 
analysing the effect of their depletion on the ability of CLIP- 190 to bind to 
unattached kinetochores. In addition to Madi and BubRl, the following proteins 
were depleted individually: Rough deal (Rod), Dynein heavy chain (DHC), Dynein 
intermediate chain (DIC), Lisi, 150GIued  CENP-meta, Nud-C, a Nud-E homolog 
(CG 8104), and a protein sharing sequence similarity with Nud-C, that I call here 
Nud-C-like (CG 31251). Between five and seven days following dsRNA addition, 
microtubules were depolymerised with colchicine, cells were fixed and tested for 
CLIP- 190 localisation to unattached kinetochores. It became clear that the proteins 
from the Dynein-Dynactin complex (DHC, DIC and p15oGhec)  and some associated 
proteins (Rod, Lis I) were all required for CLIP-190 kinetochore localisation (Figure 
4.6 A and B), while Madi, BubRi (see Figure 4.5) and CENP-meta did not affect it. 
The last three, Nud-C, Nud-C-like and Nud-E were chosen merely because their 
homologs are known to be Dynein-associated proteins, however their depletion did 
not lead to CLIP-190 mislocalisation. 
In a separate experiment cells were not treated with colchicine. In DHC, DIC, 
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Figure 4.6 Determinants of CLIP-190 kinetochore localization 
A: Depletion of Dynein heavy chain (DHC) abolishes CLIP-190 
kinetochore localization in coichicine-arrested cells. Bar = I0tm. B: A quantitave 
diagram showing mislocalisation of CLIP-190 from kinetochores by depletion of 
Dynein-Dynactin and associated proteins. The diagram displays the proportion of 
arrested cells positive for CLIP-] 90 on kiietochores after depletion of the respective 
protein. C: A table summarizing the dependency hierarchy of some of the kinetochore 
proteins. The kinetochore localisation of the proteins in the left column was examined 
after a depletion of each of the proteins in the top row. The presence or absence 
(mislocalization) is depicted by "±" or 	respectively. 
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typical prometaphase foci on the condensing DNA. In these cells I was also able to 
examine the interphase behaviour of CLIP- 190. The microtubule plus end 
localisation of CLIP-190 was not affected in any of the depletions. 
The delocalisation of CLIP-190 from kinetochores was not due to its 
degradation, because the protein levels were not affected, as judged by immunoblot 
(data not shown). In all of the knockdowns where CLIP- 190 was not affected (except 
for Nud-C-like), efficient depletion was verified either by immunoblot or by 
induction of specific phenotypes (Table 4.7). 
4.3.4 Kinetochore-Binding Hierarchy Between Rod, DHC, DIC, p 150Gtued  Lisi 
And CLIP-190 
The proteins Rod, DHC, DIC, p150(Jlt1  and Lisi are all functionally related 
to each other and dependencies for their kinetochore localisation have already been 
reported, suggesting that Rod recruits the DyneinlDynactin complex to kinetochores 
(Starr et al., 1998), which in its turn recruits Lisi (Tai et al., 2002). However, these 
reports come from studies, done in different systems with different experimental 
approaches, including the overexpression of dominant-negative constructs. I decided 
to examine the dependency relationships between them in the same system, 
Drosophila S2 cells, using a much "cleaner" approach, RNAi, which does not 
involve overexpression of artifactual proteins with unpredictable consequences. Each 
one of the proteins was depleted individually and the presence of CLIP- 190, Dynein 
(DIC) and Rod on kinetochores was tested by immunostaining in coichicine treated 
cells (Figure 4.6, Q. The localisation of Rod was not affected by depletion of any 
other protein. DIC was mislocalised in Rod-, DHC-, Lis i- and partially in p150Glued 
depletion. CLIP- 190 was mislocalised in all depletions but depletion of CLIP- 190 
did not affect any other protein. This data confirms previous reports (Coquelle et al., 
2002, Tai et al., 2002) and leads to a model where Rod is the innermost protein, 
required for the recruitment of Dynein-Dynactin and associated proteins, Dynein is 
in the middle of the hierarchy chain, and CLIP- 190 is outermost, depending on all 
others, but not affecting any of the other proteins in its turn. 
Interestingly, this experiment revealed a previously unreported dependency of 
Dynein localisation on Lis 1. This requirement actually contradicted some previous 
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Protein Other phenotype 
Western blot Effect on CLIP 




CLIP signal Slight reduction in the levels of mitotic  
disappears arrest after ON coichicine treatment 
['ubu]i. 4annUp 411111111111111110 
I 	lI 
RN.\i 	RNA, Removes CLIP 
EB1 
Tubulin 
- from MT plus 
EBI signal disappears; 
Small and unastral mitotic spindles 
[HI 	4UMW ends 
Removes CLIP Low mitotic index (1.6%, compared to  
Rod from unattached 2.4% in control). Failure to arrest in colchicine (3.9%, compared to 22.1% 
KCs in control) 
Removes CLIP High MI (7.2%, compared to 2.4% in 
DHC from unattached control). Inefficient arrest in colchicini 
KCs 12.9%, compared to 22.1% in control 
Control 	DIC 
RNAi 	RNAi Removes CLIP High Ml (8.1%, compared to 4.6% in 
DIC DIC from unattached ontrol). Inefficient arrest in colchicin 
Tubulin KCs 15% Ml, compared to 27% in control 
Control Glued Removes CLIP RNAi RNAi High MI (7.5%, compared to 4.6% in 
1 50Glued Glued from unattached control). Inefficient arrest in coichicin 
KCs 11% Ml, compared to 27% in control 
Tubulin 
Removes CLIP High Ml (11.7%, compared to 2.4% in 
Lis 1 from unattached control). Inefficient arrest in colchicin 
KCs  19.5%, compared to 22.8% in control 
Low Ml (0.4%, compared to 3.1% in 
Mad I - control). Failure to arrest in colchicine 
(1.7%, compared to 16.3% in control) 
BubRI signal disappears 
BubRi - Low MI (0.3%, compared to 3.2% in 
control). Failure to arrest in colchicine 
(0.5%, compared to 22.1% in control) 
Chromosome misalignment; 
CENP-met - Low Ml (2%, compared to 3.5% in 
control). Inefficient arrest in colchicin 
11.5%, compared to 15.4% in control 
High MI (5.8%, compared to 3.1% in 
NudE - control). Inefficient arrest in colchicin 
(15.8%, compared to 20% in control) 
Cells quite sick 
NudC - Low MI (0.8%, compared to 3.1% in 
control). Failure to arrest in colchicine 
(6.7%, compared to 20% in control) 
NudC-like  
Table 4.7 Evidence for successful depletions 
Depletion of the proteins was verified by immunoblot or the induction of specific 
phenulvpes. At least 1000 cells were counted for mitotic index (MI). 
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reports from mammalian cells, based on overexpression of dominant negative 
constructs and from C. elegans (Tai et al., 2002, Cockell et al., 2004). Recently, 
however there has been another study, done in Drosophila, which is in agreement 
with my results (Siller et al., 2005). 
4.3.5 Mechanisms For Leaving The Kinetochore After Microtubule Attachment 
As mentioned above, CLIP- 190 disappears from a kinetochore, once spindle 
microtubules attach to it. Important questions are how does CLIP- 190 sense the 
microtubule presence and how does it leave the kinetochores? One apparent 
explanation was Dynein; the microtubule minus-end motor is known to contribute to 
the inactivation of the checkpoint signal upon microtubule attachment through 
depletion of various checkpoint proteins from the kinetochores by constantly 
transporting them polewards along the spindle (Howell et al., 2001). Considering its 
involvement in CLIP-190 localisation to kinetochores, Dynein could be doing the 
same with CLIP- 190. To test this hypothesis, I needed a way to block the Dynein 
motor activity without affecting the integrity of the Dynein complex. Disrupting the 
complex would lead to CLIP-190 not localizing to kinetochores in the first place, so 
the usual ways of targeting Dynein by RNAi or p50-dynamitin overexpression were 
not applicable. Sodium orthovanadate is known to inhibit Dynein ATPase (motor) 
activity (Paschal and Vallee, 1987, Shimizu, 1995). I used vanadate to suppress 
Dynein motor function and analyse the effect of that on CLIP-190 kinetochore 
localisation. 
In control cells both Dynein (DIC) and CLIP- 190 are normally absent from 
metaphase kinetochores, because the latter are typically all attached to spindle 
microtubules by that stage (Figure 4.8, upper panel). A four-hour treatment with 
vanadate induced a dramatic effect on both proteins. In these conditions Dynein and 
CLIP- 190 accumulated abnormally on kinetochores, along the spindle and at the 
spindle poles in metaphase cells (Figure 4.8, lower panel). Although the penetrance 
of this effect was not full and normal metaphases were still present, there was a tight 
correlation between the mislocalisation of the two proteins; Dynein was only 
mislocalised when CLIP-190 was mislocalised, and vice versa, and their 
colocalisation in that abnormal state was always nearly perfect. In addition, this 
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Figure 4.8 Dynein motor activity is required for CLIP-190 to leave 
kinetochores upon microtubule attachment 
Normally CLIP- 190 leaves the kinetochores by the time a metaphase 
plate is formed (top panel). At that point the protein is generally cytoplasmic with a 
very weak spindle association. Dynein shares the same behaviour. If Dynein motor 
activity is inhibited with 1 00.tM sodium orthovanadate for 4 h (lower panel), both 
Dynein and CLIP-l90 show dramatic mislocalization. Now they can be seen 
abnormally accumulating on kinetochores (yellow arrows), along the spindle and on the 
spindle poles. Note the nearly perfect colocalization between the two proteins. 
Bar 	I Ourn. 
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abnormal localisation was never seen in control cells. It must be noted that vanadate 
is not a specific inhibitor of Dynein and it is possible that the effect on CLIP- 190 was 
not through Dynein, but through another vanadate target. However, because of the 
reasons stated above, such possibility seems very unlikely. 
These results led to the conclusion that Dynein motor activity is required for 
CLIP- 190 unloading from kinetochores in metaphase. 
4.4 	Analysis Of CLIP-190 Plus-End Localisation In Interphase 
None of the depletions that abolished the kinetochore binding of CLIP- 190 
affected its interphase microtubule plus end localisation. This suggested that not only 
does CLIP- 190 change its subcellular localisation between interphase and mitosis, 
but it also changes its mechanism of localisation. So the question as to the interphase 
localisation mechanism of CLIP-190 remained open. 
4.4.1 	CLIP-190 Colocalises With EB1 On Microtubule Plus Ends In Interphase 
EB1 belongs to another major family of microtubule plus end binding 
proteins. Moreover, EB1 displays exactly the same tip-tracking, treadmilling 
behaviour on microtubule plus ends as CLIP- 170, the homolog of CLIP- 190 
(Tirnauer et al., 2002b). However, the localisation of these two proteins relative to 
each other has not yet been studied. Since I had antibodies for both proteins, raised in 
different host species, I could examine their simultaneous localisation by 
immunofluorescence in the S2 cell system. 
As expected both proteins were found to decorate microtubule plus ends in 
interphase S2 cells with a high degree of overlapping (Figure 4.9, A). They 
colocalised on almost all microtubule plus ends with very few exceptions, where 
usually only a small dot of EB 1 could be seen and no CLIP- 190 (Figure 4.9, A; the 
white arrowhead in the merged magnification). Both proteins displayed variation in 
the brightness and the length of the plus end signal, which was usually correlated 
with each other. The staining for EB 1 looked more "comet-like" and "smooth", 
while CLIP-190 appeared more "dotty" and "stretchy" and the stretches were often 
longer than the EB 1 comets. During mitosis however, the behaviour of the two 
proteins diverged (Figure 4.9, B). As described previously, CLIP-190 dissociated 
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Figure 4.9 CLIP-190 colocalises with EB1 in interphase, but not in 
mitotic cells 
A: In interphase cells both EBI and CLIP-190 decorate microtubule 
plus ends. The lower panel shows on a higher magnification that the two proteins 
colocalize on most (white arrows), but not all (white arrowhead) microtubule plus ends. 
B: In mitosis EB1 and CLIP-l90 have a distinct behaviour. CLIP-190 associates with 
unattached kinetochores, while EB1 remains associated with microtubule plus ends of 
the forming spindle. Bars = lOtm. 
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from microtubules and relocated to unattached kinetochores, whereas EB 1 
maintained its plus end localisation on both spindle and astral microtubules 
throughout mitosis. 
Despite the obvious difference in mitosis, the tight colocalisation on 
microtubule plus ends in interphase raised the possibility of a functional link between 
the two proteins. 
4.4.2 	CLIP-190 N-Terminus Binds Directly To EB1 
Previously in our laboratory, an interaction had been demonstrated between 
endogenous CLIP- 190 (from Drosophila embryo extracts) and EB 1 C-terminus, by 
using recombinant GST-EB 1 fusions in an in vitro pull-down assay (Sarah Elliot and 
Hiro Ohlcura, unpublished data). As both proteins were known to be MAPs, this 
interaction could have been mediated through the microtubules, present in the 
extract, or through another protein. To clarify this, I tested the possibility of a direct 
interaction between the two proteins. I cloned different parts of CLIP- 190 (Figure 
4. 10, A) into a GST-fusion vector (GST-N = a.a. 1-405; GST-cc = a.a. 851-1468; 
GST-C = a.a. 1280-1690) and expressed them in E. coli (see Materials and Methods 
section). These fusion proteins, together with a GST-control, were immobilised onto 
glutathione-sepharose beads and tested for binding to bacterially-expressed Maltose-
Binding Protein (MBP-control) and MBP-EB1 (a kind gift from Anne Davidson). 
The binding was assessed by immunoblotting with an anti-MBP antibody (Figure 
4. 10, B). All of the lanes displayed only weak background levels of MBP or MBP-
EB 1, except for GST-N, which specifically pulled-down large amounts of IvIBP-
EB 1, but not MBP alone. This result clearly demonstrated a direct interaction 
between EB 1 and CLIP- 190 in the absence of microtubules or other eukaryotic 
proteins. Interestingly, the interaction was mediated by the N-terminus of CLIP- 190, 
which mainly contains the two repeats of the microtubule-binding (CAP-Gly) 
domain. All attempts to confirm this interaction in vivo by coimmunoprecipitation of 
endogenous proteins failed, regardless of whether an antiCLIP- 190 or an anti-EB 1 
antibody was used for the pull-down (data not shown). This suggested that the 
binding between the two proteins is weak or transient (or both), or that only small 
fractions from the two protein pools are engaged at any given time point. 
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Figure 4.10 CLIP-190 binds directly through its N-terminus to EBI 
A: Schematic representation of the domain structure of CLIP-190 and 
the sequences used to construct GST-fusion proteins. B: An in vitro pull-down 
experiment using recombinant proteins (GST;GST-N;GST-cc and GST-C, MBP and 
M BP-EB 1) shows that the N-terminus of CLIP- 190 can interact directly with EB 1. The 
western blot with an anti-MBP antibody demonstrates that GST-N (but not GST, GST -
cc or GST-C) specifically pulls-down MBP-EBI (but not MBP alone). 
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Nevertheless, a direct and specific interaction between CLIP- 190 and EB I 
was demonstrated and the fact that they also extensively colocalise on interphase 
microtubule plus ends prompted the investigation of a possible codependency 
mechanism for their localisation. 
4.4.3 	CLIP-190 Requires EB1 For Its Plus-End Localisation 
The possibility for a functional relationship between the two proteins was 
tested by RNAi. CLIP- 190 or EBI were depleted individually and the effect on the 
other protein was assessed by immuno fluorescence. 
When CLIP- 190 was depleted, no effect on the behaviour of EB 1 was 
detected. The depletion was confirmed by immunoblot (Figure 4.12, A and B) and 
there was an apparent decrease of CLIP-190 signal in immunostaining (data not 
shown). 
The knockdown of EB1 exhibited the typical cell cycle and spindle 
phenotypes, already reported in the literature (Rogers et al., 2002), indicating an 
efficient silencing process. The depletion was also confirmed by a decrease in the 
E  1 signal in immunostaining and by immunobloting (Figure 4.11, Q. Although the 
protein levels of CLIP- 190 were not affected by the disappearance of EB 1 (Figure 
4.11 C), there was a clear change in CLIP-190 behaviour. The mock-depleted cells 
displayed the typical interphase microtubule plus end binding pattern of CLIP- I 90 in 
the form of streaks with various lengths. In EB 1 knockdown, however, CLIP- 190 
failed to localise to microtubule plus ends and the streaks disappeared (Figure 4. 11, 
A. compare to Figure 4.9, A). A quantification of that effect showed its extent; 68% 
of cells had completely lost their CLIP- 190-microtubule association. 30% of the cells 
had their CLIP-190 plus end signal significantly reduced in number, length and 
brightness, and only 2% of the cells had a wild-type-like CLIP-190 behaviour 
(Figure 4.11, D). 
\\hen mitotic cells were analysed, however, CLIP- 190 was unaffected; the 
yl'l prometaphase kinetochore signals were present (Figure 4. 11, B) and they 
disappeared by metaphase (not shown). CLIP- 190 was also present on kinetochores 
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Figure 4.11 EB1 is required for CLIP-190 microtubule plus end 
localisation in interphase 
A: Depletion ofEBI by dsRNAi leads to delocalisation of CLIP-190 
from microtubule plus ends in interphase (compare to Figure 4.9 A). B: EB1 depletion 
does not affect the mitotic behaviour of CLIP-190. A prometaphase cell can be seen, 
depleted of EB 1, which still displays the typical CLIP- 190 signal on unattached 
kinetochores (white arrowheads). Bar = 10l.tm. C: An immunoblot confirming that in 
EBI depletion CLIP-190 protein levels are not affected. D: A quantitative diagram of the 
delocalisation phenotype. Control-depleted and EB 1-depleted cells (n=200 each) were 
assessed for the presence of CLIP- 190 on microtubule plus ends. In EB 1 depletion a 
much higher proportion of cells have weak or no detectable CLIP-l90 staining on their 
microtubule (MT) plus ends. 
These results confirmed the idea that not only the localisation of CLIP- 190 
changes between interphase and mitosis, but also the underlying mechanisms for 
achieving it are fundamentally different. 
4.4.4 Depletion Of CLIP- 190 Has A Slight Effect On The Spindle Checkpoint 
Since RNAi failed to show a role for CLIP-190 in EB1 localisation, I tried to 
identify other possible cellular functions of CLIP- 190. Considering the localisation 
of the protein, the most likely processes to be affected after CLIP-190 disruption 
were microtubule organisation and/or spindle checkpoint function. These were 
examined after depletion of CLIP- 190. 
Time course immunoblot demonstrated that within six days after RNA 
addition the protein levels were continuously declining (Figure 4.12, A). At the end 
of that period the protein was more than 90% depleted (Figure 4.12, B). Despite the 
significant decrease and the fact that the CLIP- 190 signal in immunostaining almost 
entirely disappeared, the normal cell growth and the overall microtubule organisation 
were not affected (not shOwn). Interphase cells had the typical WT radial distribution 
of microtubules with distinct individual plus ends around the periphery 
An examination of cell cycle progression showed no significant difference of 
the mitotic index in an asynchronous culture between CLIP- 190 and control RNAi 
(not shown). The distribution of the mitotic phases was also normal (Figure 4.12, Q. 
Altogether, there were no apparent mitotic defects. These results indicated that 
CLIP-190 has no function in cell cycle progression. 
Cells were arrested in mitosis by microtubule depolymerisation to assess the 
function of the spindle checkpoint. S2 cells naturally lack a very robust checkpoint 
response, compared to other cell lines. Typically overnight (16 - 24 hour) 
microtubule depolymerisation results in an accumulation of only 20% - 35% mitotic 
cells. Depletion of CLIP- 190 resulted in a slight, but statistically significant decrease 
in the number of the arrested cells (from 32.6% to 24.7%, n=1000) in comparison to 
control cells (Figure 4.12, Q. This mild effect was reproducibly observed in more 
than 5 independent experiments. Since the decrease in the arrest efficiency (though 
reproducible and significant) is relatively small, this result suggests an auxiliary or 
modulatory role for CLIP- 190 in the spindle checkpoint. 
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Figure 4.12 Effect of CLIP-190 depletion 
A: CLIP-190 was depleted after RNAi. Upper panel, time course of 
the knockdown experiment. Equal cell number was loaded in each lane. The amount of 
CLIP-l90 protein is clearly decreasing with time. Tubulin was used as a loading 
control. Lower panel, serial dilutions of the time-0 control. After a 6-day depletion 
CLIP-190 protein is reduced to 90%-97%. B: Comparison of the mitotic phase 
distribution in an asynchronous culture between control and CLIP-190-depleted cells. 
The differences are not statistically significant according to a standard chi-squared test 
(n=100, p1). C: Reduction of the mitotic arrest efficiency in response to microtubule 
depolymensation after CLIP-190 RNAi. Cells were depleted for 6 days and treated with 
colchicine overnight. The difference is statistically significant (n?1000, pO.00l) 
according to a standard chi-squared test. 
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4.5 	Cell Cycle Regulation Of The Microtubule Plus End Localisation Of 
CLIP-190 
Interestingly, I noticed that CLIP- 190 did not bind to the plus ends of mitotic 
microtubules. Such behaviour has not been described for any other CLIP homologue. 
Why does CLIP- 190 bind to interphase, but not mitotic microtubules? There are two 
major possibilities. Either mitotic microtubules differ from interphase microtubules 
in some important parameter, like for instance microtubule dynamics, which results 
in a reduced ability of CLIP- 190 to bind to them, or alternatively, the difference is in 
CLIP-190 itself, something that suppresses its microtubule-binding ability in mitosis. 
In this section I try to elucidate this question and to give an insight into the possible 
regulatory mechanism. 
4.5.1 	CLIP- 190 Affinity For Microtubule Plus Ends Changes During The Cell 
Cycle 
I addressed the possibility of a difference in mitotic microtubule dynamics or 
their ability to bind other plus end MAPs by correlating the behaviour of CLIP- 190 
and EB1 during the cell cycle. 
As mentioned before, in interphase CLIP- 190 and EB 1 colocalise on 
microtubule plus ends, but in mitosis their behaviour is distinct (Figure 4.13, A). 
This is most obvious on astral microtubule plus ends at metaphase, the EB 1 "comets" 
are indistinguishable from those in interphase, however CLIP-190 is not present 
there (Figure 4.13, A-2). A quantification of the microtubule plus end signals for 
CLIP- 190 and EB 1 during the cell cycle confirmed these observations (Figure 4.13, 
B). The plus end signals of a minimum of 10 representative microtubules were 
measured as average pixel intensity within the area of the plus end and the 
contribution of the exposure and local background was subtracted (for more details 
see section Materials and Methods). The results showed that whereas EB 1 signal on 
microtubule plus end did not vary significantly during the stages of the cell cycle, the 
signal for CLIP- 190 dropped abruptly at the onset of mitosis and stayed low during 
metaphase and anaphase. The plus end signal for CLIP-190 only started recovering 











CU 	CU 	CO 	0 a) 	.4-' 4-' f-. - -' (1) a) Cl) 	'Cl) 












Figure 413 The affinity of CLIP-190 for microtubule plus ends 
changes during the cell cycle 
A: CLIP-190, unlike EB 1, disappears from microtubule plus ends 
during mitosis. The picture shows an interphase and a mitotic cell, costained for EB 1 and 
CLIP-190. The higher magnification boxes on the right demonstrate that EB1 is present 
on microtubule plus ends in both cells, while CLIP-190 localises to plus ends only in 
interphase. Bar = 10tm. B: A quantification of the relative microtubule plus end signals 
for EB 1 and CLIP- 190 with progression of cell cycle. EB I signal is relatively constant 
throughout cell cycle, but the signal for CLIP-190 drops sharply at the beginning of 
mitosis and stays low until telophase, when it starts to recover. C: Lack of CLIP-190 
from mitotic microtubule plus ends is not a result of sequestration by unattached 
kinetochores. Depletion of DHC delocalises CLIP-190 from unattached kinetochores (see 
Figure 4.6). This, however, does not increase the ability of CLIP-190 to associate with 
mitotic microtubule plus ends. Quantitative intensity measurements were performed as in 
B. Error bars in B and C represent standard deviation. 
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There is a possibility that the kinetochore accumulation of CLIP- 190 during 
prometaphase sequesters free cytoplasmic CLIP- 190, so that the microtubule plus 
end binding is prevented by the CLIP- 190 levels. This possibility was ruled out by a 
depletion of DHC. As described already (see section 4.3.3), DHC depletion prevents 
CLIP- 190 association with kinetochores. In these conditions the CLIP- 190 protein 
levels are not affected (not shown) and so there should be more free CLIP- 190 
available for microtubule binding. However, the CLIP- 190 signal on mitotic 
microtubule plus ends is statistically indistinguishable from the control RNAi (Figure 
4.13, Q. This demonstrated that the binding of CLIP-190 to mitotic microtubule plus 
ends is not prevented by its sequestration at kinetochores. 
These results showed that EB 1 has an equal ability to bind to microtubule 
plus ends throughout the cell cycle. EB 1 is known to have similar requirements to 
CLIP-190 with respect to microtubule dynamics; they both associate only with 
growing microtubules. So the sudden change of CLIP- 190 behaviour is more likely 
to result from a direct regulation on the protein itself. 
4.5.2 	Searching For Cell Cycle Kinases Regulating The Plus-End Binding Of 
CLIP-190 
Initial efforts to identify a cell cycle regulator for CLIP- 190 focused on 
targeting a few obvious candidates. The idea was that a disruption of such a regulator 
should result in misregulation of CLIP- 190, either a failure to associate with 
interphase microtubule plus ends, or abnormal association with mitotic microtubule 
plus ends. 
dTOR is the Drosophila homolog of mTOR (mammalian Target Of 
apamycin), which has been shown to phosphorylate CLIP- 170 and to decrease its 
microtubule binding ability (Choi et al., 2002). I tested the possible involvement of 
dTOR in the regulation of CLIP- 190 microtubule plus end binding by both dsRNAi 
and inhibition with rapamycin. None of these approaches affected the normal 
behaviour of CLIP- 190 (data not shown). 
Next I depleted the major cell cycle kinases Cdc2, Polo, Aurora A and Aurora 
B to test for a possible involvement in CLIP-190 regulation. Polo and Aurora A 
depletions did not affect the normal behaviour of CLIP-190 (not shown). Cdc2 and 
me 
Aurora B knockdowns resulted in cells failing to enter mitosis. In these interphase 
cells CLIP-190 still associated with microtubule plus ends (not shown). 
The above results suggest that dTOR, Polo and Aurora A are not the cell 
cycle regulator of CLIP- 190 and that Cdc2 and Aurora B are not required for the 
interphase localisation of CLIP- 190. 
4.5.3 	Mutational Analysis Of 2 Putative Cdc2 Phosphorylation Sites In CLIP-190 
The question as to the regulation of CLIP- 190 could be asked in a different 
way, not "What is the regulator?" but rather "How is CLIP- 190 regulated?" 
I demonstrated that CLIP- 190 binds directly to and requires EB 1 for its plus 
end-binding (section 4.4.). However, unlike CLIP-190, EB1 binds to plus ends 
throughout the cell cycle. If we assume that the interaction with EB 1 is necessary for 
the plus end binding of CLIP-190, then the simplest and most obvious hypothesis is 
that it is this interaction which is regulated during the cell cycle. 
Another EB 1 interactor, a tumour suppressor protein called adenomatous 
polyposis coli (APC), shares similarities with CLIP- 190 in terms of its behaviour. 
Like CLIP- 190, APC directly binds to EB 1 C-terminus and localises to at least a 
subset of interphase microtubule plus ends, but is dissociated from mitotic ones 
(Mimori-Kiyosue et al., 2000). It has not yet been demonstrated clearly whether the 
plus end binding requires EB 1, but it requires the EB 1-binding domain of APC 
(Askham et al., 2000). APC is phosphorylated by Cdc2 in mitosis and this 
phosphorylation has been shown to reduce its ability to bind to EB1 (Askham etal., 
2000, Nakamura et al., 2001, Honnappa et al., 2004). These similarities were 
compelling and so was the chance that a similar Cdc2-mediated regulation 
mechanism could be utilised by CLIP-190. 
To explore the possibility of Cdc2 phosphorylation, I looked for Cdc2 
phosphorylation consensus sequences in CLIP-190. There are only two strict 
consensus sequences (S/T-P-X-KIR) for Cdc2 phosphorylation in CLIP- 190. 
Strikingly, each of these is situated after each of the two CAP-Gly repeats in the N-
terminus of CLIP-190 (Figure 4.14, A). This is the microtubule-binding and also the 
EB1-binding domain of the protein, an ideal location for regulation of these 
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Figure 4.14 Mutating two Cdc2 consensus phosphorylation sites in 
CLIP-190 
A: CLIP-] 90 contains two consensus sequences for Cdc2 
phosphorylation (ST-P-X-R/K). They are positioned after each of the two CAP-Gly 
domains in the N-terminus of the protein, which is the site for binding to microtubules 
and EB I. The two residues were mutated to alanine to prevent phosphorylat ion by Cdc2. 
B: Wild-type CLIP-190 and the double mutant were each cloned as GFP-fusions into a 
element based, fly transformation vector under the control of a Ub-promotor. 
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interactions. One (SPDR) site is about 20 amino acids after the first CAP-Gly repeat, 
and the other (TPVK) site is about 50 amino acids after the second CAP-Gly repeat. 
In order to test whether these residues were important for the cell cycle 
regulation of CLIP-190, I mutated both of them to alanines by site-directed 
mutagenesis (Figure 4.14, A). Then both the wild type and the double mutant CLIP-
190 cDNAs were subcloned into a fly-transformation vector as GFP-fusions under 
the control of a ubiquitin promotor (Figure 4.14, B). These constructs were then used 
to transfect S2 cells. The idea was that if the residues were important for the cell 
cycle regulation of CLIP- 190, then the mutant GFP-CLIP- 190, unlike the wild type, 
should remain on mitotic microtubule plus ends. The S2 cells were fixed 1-2 days 
after transfection and stained with an anti-GFP antibody together with either anti-
Tubulin or anti-phosphoH3S10 antibody, which was used as a mitotic marker. The 
immunostaining showed that the fusion proteins behave identically in interphase; 
they both marked microtubule plus ends. At higher expression levels the proteins 
decorated the entire microtubule network, and when very highly overexpressed, 
caused severe bundling of the microtubules (data not shown). - 
Initial observations of mitotic cells suggested that the two proteins had 
different behaviour. At lower expression levels the mutant CLIP- 190 was more likely 
to be seen at astral microtubule plus ends than the wild type. At high expression 
levels the wild-type protein formed globular "inclusion bodies", which were not 
associated with the microtubules. These were never observed with the mutant 
protein, even at the highest expression levels (not shown). A problem with this 
approach was the fact that even at average expression levels the wild-type construct 
began to override any regulation and started appearing at astral microtubule plus 
ends. Only cells with very low expression levels behave like the endogenous CLIP-
190. Since it is very difficult to control for or determine expression levels with 
transiently transfected cells, these observations should not be taken as definitive 
results. 
Three alternative approaches could be undertaken to try and circumvent these 
problems. Firstly, a fluorescence intensity measurement method could be developed 
to identify cells with similar levels of expression, in which there would be a clear 
difference between the behaviour of the wild-type and mutant protein. Secondly, 
cotransfection with an indestructible mutant form of Cyclin B, which is known to 
block cells in mitosis, could give more time for Cdc2 to phosphorylate the excessive 
amounts of wild-type CLIP- 190. In this way the difference should become clear even 
at average expression levels. And last, but not least, the fact that the constructs were 
cloned in a fly transformation vector allows the possibility to produce transgenic flies 
and address the question in vivo, in dividing tissues of flies, expressing stable levels 
of a single copy of the transgene. 
In conclusion, similarities between the behaviour of APC and CLIP- 190 
hinted at the possibility of regulation of the EB 1 -CLIP- 190 interaction by Cdc2 
phosphorylatyon. Only two strict consensus sites for Cdc2 phosphorylation were 
identified in CLIP-190, which are in ideal positions to possibly affect the binding of 
CLIP-190 to EB 1. Mutational analysis of these sites and transient transfection of S2 
cells suggested a possible role of the mutated residues in the cell cycle regulation of 
CLIP-190. Further experiments are required to unambiguously confirm the 
hypothesis for a cell cycle regulation of CLIP- 190 plus end binding by Cdc2 
phosphorylation in mitosis. 
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Chapter 5 SYSTEMATIC IDENTIFICATION OF 
MICROTUBULE REGULATORS 
The work presented in this section was done by myself with the assistance of 
the Wellcome Trust rotation student John Grainger, and the honours student Bettina 
Otto. The large technical contribution of the last must be recognised. 
5.1 	Background 
Various approaches have been used in the past to identify proteins required 
for microtubule regulation. Biochemical and genetic screens have proved useful in 
this respect, however they have their disadvantages. Biochemical isolation of MAPs 
only identifies proteins that are stably bound to microtubules. Besides, further 
analysis is usually required, since microtubule binding in itself does not mean a role 
in microtubule regulation. Genetic screens directly identify proteins functionally 
involved in a particular process, but since microtubules are required for such a broad 
range of physiological processes, it is difficult to design a general screen for 
microtubule regulators. 
In recent years RNAi-based screens have become increasingly popular, 
especially with Drosophila cultured cells, since the latter have proved to be 
particularly amenable to this approach. This, combined with the sequenced and 
annotated genome of Drosophila, the smaller number of genes than in mammalian 
genomes and the possibility of automated microscopy have made this system very 
attractive for high-throughput (including genome-wide) cytological screening. In this 
context it is not surprising that such large-scale screens have already been applied in 
identifying proteins required for normal cell morphology and cytoskeletal 
organisation (Kiger et al., 2003). A large-scale screen however, especially with 
monitoring a large number of parameters, has the inherent caveat of low sensitivity. 
In order to identify potential microtubule regulators, we undertook a more 
focused approach. A relatively small number of candidate proteins were preselected 
according to several criteria, but mostly based on their potential ability to bind to 
microtubules or tubulin. These proteins were systematically depleted by dsRNAi in 
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Drosophila S2 cells. The cells were then fixed and their microtubule cytoskeletons 
were examined by immunostaining and microscopy. 
The screen had two main objectives. First, to identify potential microtubule 
regulators and second, to assess the effectiveness and applicability of this approach 
for a larger scale screen amongst biochemically isolated Drosophila MAPs. 
5.2 	Selection Of Microtubule Binding Proteins As Targets For The Screen 
Most microtubule regulators bind to microtubules and/or tubulin. So a screen 
amongst a preselected set of microtubule binding proteins would have a better 
chance for success. Drosophila microtubule binding proteins were selected through 
homology searches of proteins reported to bind to microtubules and/or tubulin or 
reported to colocalise with microtubule structures in different systems. The selected 
proteins had to meet several requirements: 
The original protein should be reported to bind microtubules or tubulin in 
vitro, or colocalise with microtubule structures in vivo. 
A clear Drosophila homolog must exist (or proteins with homology within a 
region reported to mediate microtubule binding), identifiable by a BLAST search. 
The Drosophila homolog should not be tissue specific (for example neural 
specific proteins) and preferably there should be evidence for expression in S2 cells. 
The function in microtubule regulation of neither the Drosophila homolog, 
nor the original protein should have been studied in depth in vivo. 
On the basis of these requirements 30 proteins were selected for the screen 
(Table 5.1). There were four exceptions from the rules above. Stathmin and a 
tubulin-folding cofactor D homolog were included although their effects on 
microtubule dynamics had been studied, to serve as positive controls. Cks30A was 
identified in our laboratory as an important regulator of spindle organisation and 
function in female meiosis (Pearson et al., 2005). For that reason Cks30A and its 
paralog Cks85A were included in the screen, although there is no evidence that they 
bind to microtubules. 
The screen was performed in the following way: all genes were 
systematically depleted by addition of specific dsRNA in S2 cells as explained in the 





Chosen for sequence 
similarity to Reference/comment 
L CG13466 - ELP 70 (Eichenmuller et al., 2002) 
2 CG14145 - CEAP (Wang et al., 2004) 
3 CG1 1949 coracle 4.1R (Huang et al., 2004) 
4 CG11848 - KRIT1 (Gunel et al., 2002) 
5 I CGIO061 1(3)s2214 CPAP (Hung et al., 2004) 
6 CG10653 hook Hook3 (Walenta et al., 200 1) 
7 CG6450 lava lamp GMAP-210 (Infante et al., 1999, Sisson et al., 
2000) 
8 CG726 1 
- Tubulin folding cofactor 
D 
Included as a potential positive 
control 
9 CG5981 stathmin Stathmin Included as a potential positive 
control 
10 CG12467 - M domain (Weber et al., 2004) 
11 CG2146 didum MyT14-FERM domain (Weber et al., 2004) 
12 CG7595 crinkled MyTH4-FERM domain (Weber et al., 2004) 
3 CG6976 Myo28B1 MyTH4-FERM domain (Weber et al., 2004) 
4 CG2174 MyolOA MyTH4-FERM domain (Weber et al., 2004) 
5 CG3421 RhoGAP93B MyTH4-FERM domain (Weber et al., 2004) 
16 ICGI822 bifocal - (Sisson et al., 2000) 
17 CG4800 Tctp TCTP (Yarm, 2002) 
18 CG1977 a-spectrin - (Sisson et al., 2000) 
19 CG77 16 - 8 domain An uncharacterised Dgrip-like protein 
20 CG8705 peanut - (Sisson et al., 2000) 
21 CG3738 Cks30A 
- Meiotic spindle phenotype; Identified 
in a screen in our laboratory 
22 CG9790 Cks85A Cks30A Homologous to Cks30A 
23 CG8532 liquid facets Epsin (ENTH-domain) (Hussain et al., 2003) 
24 ICG31170 epsin-like Epsin (ENTH-domain) (Hussain et al., 2003) 
25 CG32672 Atg8a Atg8 (Ketelaar et al., 2004) 
26 CG12334 Atg8b Atg8 (Ketelaar et al., 2004) 
27 CG10754 - SF3A66 (Takenaka et al., 2004) 
28 CG10523 parkin Parkin (Ren et al., 2003) 
29 CG8874 Fps85D c-Fes (Laurent et al., 2004) 
30 ICG32156 Mbs M20-PP1M (Takizawa et al., 2003) 
Table 5.1 Genes selected for the RNAi screen 
Listed are the genes (CG numbers and synonyms) that were selected for the 
RNAi screen. In the 4 1 column are listed the original "homologs" that were reported 
to bind to microtubules/tubulin and in the last column are the relevant references and 
comments. 
were not verified. After 5-7 days of depletion cells were fixed and stained with an 
anti-a-tubulin and anti-phosphoH3 Si 0 (a mitotic marker) antibodies and 
counterstained for DNA (DAPI). The organisation of the microtubule cytoskeleton 
was analysed by fluorescent microscopy and compared to a negative control RNAi 
against the bacterial 3-lactamase gene. The following parameters were monitored: 
interphase microtubule morphology, mitotic spindle morphology, mitotic index, 
chromosome alignment and segregation. 
5.3 	Identification Of 4 Drosophila Proteins Required For Normal 
Microtubule Organisation And Function 
As a result of the screen, 4 of the tested genes were found to be required for 
normal microtubule organisation and function. 
5.3.1 	Bifocal Is Required For Normal Interphase Microtubule Organisation 
Bifocal was originally identified as a factor required for normal Drosophila 
eye morphology (Bahr] et al., 1997). Bifocal mutants had defective rhabdomere 
development and the actin network in rhabdomeres was abnormal. Bifocal was later 
shown to play an actin-dependent role in Oskar mRNA localisation in Drosophila 
oocytes (Babu et al., 2004). And finally, Bifocal was demonstrated to be an actin-
microtubule crosslinking protein (Sisson et al., 2000). In our screen Bifocal depletion 
resulted in abnormal microtubules in interphase S2 cells. 
S2 cells flatten and expand their peripheral zone when adhered to 
concanavalin A-treated substrates. This newly-formed cytoplasmic outer zone is 
invaded by microtubule plus ends and microtubules form a radial "extended" array 
(Figure 5.2, A). A minority of cells (perhaps in a certain stage of their cell cycle or in 
a certain physiological condition) have less spread "compact" microtubules that do 
not invade the periphery, but stay in the centre. In a very small fraction of cells 
microtubules form a "bundled" ring-like structure around the nucleus (Figure 5.2, A). 
Depletion of Bifocal resulted in a marked decrease in the extent of 
microtubule spreading in interphase cells and a shift from the "extended" 
organisation towards the other more compact microtubule organisations (Figure 5.2, 
B), suggesting that Bifocal is required for the regulation of microtubule organisation. 
"Extended" "Compact" "Bundled" 
ri 
"Extended" "Compact" "Bundled" 
Figure 5.2 Phenotypes displayed by Bifocal-depleted cells 
Cells depleted of Bifocal for 7 days show a difference in microtubule 
organisation in interphase cells. A: Three categories of cells were identified according 
to the degree of microtubule spreading in Bifocal RNAi. "Extended", where the 
microtubules extend towards the cell periphery and individual distal ends are visible. 
"Compact" microtubules do not reach the cell periphery and stay as a compact network 
in the centre of the cell. The third category is defined as "Bundled", where ring-like 
bundles of microtubules are seen in the centre of the cell. The cell boundary is marked 
with a dotted line, Bars= 1011m. B: The lower diagram shows the percentage of cells in 
control (green) and Bifocal (red) RNAi in each of the three categories. At least 500 
random cells were counted from control and bifocal depletion. The difference in the 
distributions is statistically significant according to a standard chi-squared test 
(pO.00l). 
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5.3.2 Depletion Of CPAP Results In Progressive Loss Of Centrosomes 
Drosophila CPAP is a homolog of mammalian CPAP, a centrosomal protein, 
which associates with ?-tubulin and was suggested to play a role in microtubule 
nucleation (Hung et al., 2000). Mammalian CPAP was also reported to contain a 
microtubule destabilising motif that not only inhibited microtubule nucleation, but 
also could actively depolymerise taxol-stabilised microtubules (Hung et al., 2004). 
Examination of CPAP-depleted S2 cells established a higher occurrence of 
monoastral and anastral mitotic spindles compared to controls (Figure 5.3). This was 
not accompanied by spindle polarity or spindle morphology defects, since most 
metaphase spindles were still bipolar as in control RNAi (not shown). 
A time course experiment was performed in order to follow the development 
of this phenotype (Figure 5.4). Cells were fixed after 2, 4, 6 and 8 days after addition 
of dsRNA and analysed for the presence and frequency of mono- and anastral 
spindles. Between 70-100 metaphase spindles were scored for each time point in 
each depletion (control and CPAP RNAi). The experiment showed that within the 
time course there was no significant change in the distribution of the 3 categories of 
spindles in control-depleted cells. The frequency of biastral spindles was 
reproducibly -P70%, monoastral -30% and very infrequent anastral spindles to a 
maximum of 2%. In contrast the CPAP dsRNA-treated cells already on the second 
day of depletion displayed more monoastral than biastral spindles and a high 
percentage 8% of anastral ones. This was accompanied by a progressive loss of 
asters during the time course until at day 8 almost all spindles lacked asters at their 
poles. 
In order to establish whether the anastral phenotype was due to lack of 
centrosomes at the spindle poles, cells were stained with a number of centrosomal 
markers (Figure 5.5). All of the latter were missing from anastral poles, confirming 
that the anastral spindles were indeed acentrosomal. 
Interestingly, the progressive loss of centrosomes did not seem to affect other 
mitotic parameters like mitotic index, distribution of the mitotic stages, chromosome 
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Figure 5.3 Phenotypes displayed by CPAP-depleted cells 
Cells depleted of CPAP for 5 days show higher occurrence of 
iionoastral and anastral bipolar spindles A: The top panel demonstrates pictures of 3 
types of bipolar spindles seen in CPAP RNAi. Bars=lOjim. B: The lower diagram 
shows the percentage of cells in control (green) and CPAP (red) RNAi in each of the 
three categories. At least 50 random metaphase spindles were scored from control and 
C PAP depletion. The difference in the two distributions is statistically significant 
according to a standard chi-squared test (p0.001). 
• biastral • monoastral 
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Figure 5.4 The anastral spindle phenotype in the CPAP-depleted 
cells develops progressively with time 
A time-course experiment demonstrates the progressive loss of 
spindle asters in CPAP RNAi, compared to control-depleted cells. Cells were fixed and 
analysed at day 2, 4, 6 and 8. Between 70-100 spindles were counted at each time point. 
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Figure 5.5 The anastral spindles in CPAP-depleted cells lack 
functional centrosomes 
Four centrosomal markers (y-tubulin, CP19O, Msps and DTACC) fail 
to localise to anastral spindle poles in CPAP-depleted cells (pictures on the right hand-
side). Pictures on the left show normal localisation of the markers in control-depleted 
cells. Bars=]Ottrn. 
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5.3.3 	Depletion Of SF3A66 Results In Multiple Mitotic Defects 
SF3A66 is one of three subunits that make up the conserved SF3A splicing 
factor. Mammalian SF3A66 was shown to bind to 13-tubulin, to bundle microtubules 
in vitro and to induce neurite outgrowth when overexpressed (Takenaka et al., 2004). 
Silencing the expression of Drosophila SF3A66 resulted in a variety of 
mitotic phenotypes, including low mitotic index, spindle polarity defects, abnormal 
spindle morphology, aberrant chromosome alignment and segregation and others 
(Figure 5.6). It should be noted, however that cell growth was affected and many 
cells were apparently dying. It is therefore not clear whether the mitotic defects were 
direct result of the depletion or a consequence of more general reduced cell viability. 
5.3.4 Cks85A Is Required For Normal Mitotic Progression 
Cks proteins are the third component of the Cdc2-cyclin B complex and are 
conserved in all eukaryotes. They promote the kinase activity of Cdc2-cyclin B 
towards some of its mitotic substrates (Patra et al., 1999) but they have Cdc2-
independent functions too (Ganoth et al., 2001, Spruck et al., 2001). 
Examination of Cks85A-depleted cells showed mild mitotic defects, the 
penetrance of which increased with time. Sometimes stable proteins require longer 
periods of silencing for a successful depletion. To guarantee for a good depletion of 
Cks85A, cells were transfected again on the 7th  day and treated for a further 4-7 days. 
The phenotypes displayed can be grouped into 3 categories (Figure 5.7). 
Chromosome segregation defects: a high level of lagging chromosomes and 
chromosome bridges (Figure 5.7, A). 
"Scattered chromosomes" phenotype, representing severe chromosome 
misalignment observed both before and after sister-chromatid separation. This 
phenotype was often accompanied by spindle morphology defects (Figure 5.7, B). 
Spindle polarity defects, representing a high level of mono-, tn- and 
multipolar spindles (Figure 5.7, Q. 
In conclusion, Cks85A is required for normal spindle morphology and 
function, which implies regulation of mitotic microtubule behaviour. This is not the 
case with Cks30A, since depletion of the latter did not evoke such defects. 
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Figure 5.6 The SF3A66-depleted cells have a low mitotic index and 
display a variety of mitotic phenotypes 
A: SF3A66-depleted cells have a lower mitotic index, compared to 
control-depleted cells after 5-day and 7-day depletion. A minimum of 1000 cells were 
counted in each category (pO.00l, chi-squared test). B: After 7 days of SF3A66 
depletion the cells display a variety of mitotic phenotypes, including spindle-polarity, 
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Figure 5.7 Mitotic defects in Cks85A-depleted cells 
Cells depleted of Cks85A display a number of mitotic phenotypes. 
The three most distinctive ones are summarised in this figure. A: 47.5% of anaphase 
and telophase cells have segregation defects like lagging chromosomes (shown on the 
picture) and chromosome bridges, compared to 20.5% in control-depleted cells (n=200). 
B: The "scattered chromosomes" phenotype represents severe misalignment of 
chromosomes in both prometaphase and anaphase. They were scored as percentage of 
all mitotic cells and are 7.38% for Cks85A RNAi, compared to 1.38% for control RNAi 
(n=800). C: Spindle polarity defects were also common. 11.5% of metaphase cells had 
spindle polarity defects in Cks85A RNAi, compared to 4.25% in control RNAi (n=400). 
In all of the graphs the differences in distributions are statistically significant according 
to a standard chi-squared test (pO.00l).  Bars=lOj.tm. 
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Chapter 6 DISCUSSION 
6.1 	Disruption Of CLIP-190 Expression 
CLIP-190 is the only Drosophil,a homolog of thecytoplasmic linker proteins 
(CLIPs), a conserved family of microtubule associated proteins. The CLIP homologs 
are involved in important cellular processes. They regulate microtubule dynamics in 
vivo by promoting rescues (Komarova et al., 2002) or suppressing catastrophes 
(Brunner and Nurse, 2000). They play a role in cell polarisation by mediating 
"crosstalk" between the microtubule cytoskeleton and the cell cortex (Brunner and 
Nurse, 2000, Fukata et al., 2002). CLIPs are also important for mitotic kinetochore 
functions by ensuring proper mitotic progression (Dujardin et al., 1998) and 
contributing to the force generation on the microtubule-kinetochore interface (Lin et 
al., 2001). Based on these findings, CLIP-190 could be expected to have an 
important and even essential function in Drosophila development. Studying this 
function would require disruption of the normal expression of the gene and analysis 
of the potential phenotypes that would arise. In order to disrupt the expression of 
CLIP- 190 several different approaches were applied. 
Two P-element insertions in the gene were characterised (called in this work 
P' and P2). The P' insertion was confirmed to be in an intron in the 5'-UTR of the 
gene and P 2 in the first intron after the START of the coding sequence. A semilethal 
mutation was identified on the P' chromosome and a lethal and a female sterile 
mutation on the P2 chromosome. Deficiency complementation tests, a reversion test 
and a genomic rescue experiment demonstrated that none of the above phenotypes 
was associated with the insertions or with the CLIP-190 gene. Importantly, P' and P 2 
were found to represent hypomorphic alleles, reducing the level of CLIP- 190 
expression both as homozygotes and over a deficiency. In the strongest allelic 
combination P2/- the reduction in the CLIP- 190 protein levels was 15% (or - 7 
times lower) compared to wild-type protein levels. Surprisingly, this substantial 
reduction had no effect on fly viability or fertility. 
Similar results were obtained with another method, gene silencing by 
expression of hairpin RNAs. The same level of CLIP-190 protein reduction was 
achieved by inducing hairpin RNA expression under the control of a ubiquitous 
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promotor. However, this did not lead to any phenotypic manifestations. This result 
only confirmed the results from the hypomorphic alleles, but did not add more 
understanding to the role of CLIP-190. This data puts forward two alternative 
possibilities. Either CLIP-190 can perform its cellular functions with as little as 1/7 
of its normal amount, or the function of CLIP- 190 is not required for fly viability or 
fertility (in other words, it is not an essential protein). Only generation of a null 
allele, where there is no production of CLIP- 190 protein at all, could successfully 
discriminate between these two alternatives. 
An attempt to generate a CLIP- 190 lethal null allele by P-element excision 
mutagenesis using the P 2-insertion failed. Although 700 independent P-
remobilisation events were tested over a deficiency, none of them proved to be 
lethal. The P2 is inserted in the first intron after the predicted START of the coding 
sequence (see Figure 3.1). However there might be alternative START codons 
downstream of P2 and the exons coding for conserved regions of CLIP- 190 (the N-
terminus with the CAP-Gly domains) start only after the two large introns that span 
the first half of the gene. In that sense a deletion of an essential part of CLIP- 190 by 
p2  imprecise excision might require deleting as much as 14Kb. One possible 
explanation for the failure of the screen is that such a deletion did not take place 
within the 700 excision events. Another obvious possibility is that a null allele of 
CLIP-190 would not compromise fly viability and would not be detected by the 
screen. Retrospectively, the P-excision mutagenesis would have been more 
informative if the excision events were additionally analysed by PCR to detect 
deletions of particular exons on either side of the P-element. 
Furthermore, overexpression of CLIP- 190 demonstrated that flies are not 
only tolerant to a substantial reduction of the protein, but also to an increase of as 
much as 8 times the normal level. 
Is CLIP- 190 an essential protein? Considering the important cellular 
processes that its homologs have been implicated in, it would be surprising if the 
answer to that question turns out to be negative. Two recent reports demonstrate an 
essential function of human CLIP-170 in cell division (Wieland et al., 2004, Green et 
al., 2005). Transformed human cell lines, when treated with siRNAs against CLIP-
170 displayed a number of strong mitotic phenotypes, including a marked mitotic 
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arrest. In contrast, a recently generated knockout mouse allele of CLIP- 170 had no 
apparent effects on mouse development, except for the observed male sterility and 
abnormal morphology of sperm heads (Akhmanova et al., 2005). There is an obvious 
contradiction between these results and the data for human CLIP- 170. It should be 
noted, however, that residual protein was detected in lungs and embryos of 
homozygous mouse mutants indicating that the created allele is not a null, but a 
hypomorph. This might account for the different results, since the remaining protein 
could be sufficient to fulfil its mitotic function. Another explanation could be that 
transformed cells in culture have a much higher sensitivity to loss of CLIP- 170 than 
normal cells in vivo, a possibility with big implications for CLIP- 170 in cancer 
therapy. Alternatively, the mouse homolog might not share the mitotic functions of 
its human counterpart. One should be careful when making analogies with CLIP- 190 
too, since there is evidence that some of the functions of the mammalian CLIPs are 
not shared by their fly homolog. For instance, IQGAP 1, an important interactor of 
CLIP-170 in mammals and a protein with crucial functions in cellular polarisation, is 
absent from the Drosophila genome. 
Having useful tools like the small synthetic deficiency and the genomic 
rescue line, our laboratory is in a good position to generate a null mutant (for 
instance by homologous recombination, or by FLP-FRT recombination) and further 
address these questions. 
6.2 	Determinants Of A Differential Clip-190 Localisation During The Cell 
Cycle 
Studying the cellular behaviour of CLIP- 190 can give us ideas about the 
function of the protein. However, until now this behaviour has not been studied in 
depth, especially with relation to microtubules and kinetochores, two structures 
known to be primary attachment sites for the other CLIP homologs. It has not even 
been shown whether or not CLIP- 190 is a +TIP, as shown for all the other CLIPs. 
With the idea of getting insight into the function of the protein, I decided to study 
systematically the subcellular behaviour of CLIP-190. 
S2 cells are now a well-established system for performing dsRNAi, an 
important method for functional analysis of proteins. Recent improvements in the 
cytology of S2 cells have made them an attractive system to study the microtubule 
cytoskeleton and especially +TIPs (Rogers et al., 2002). The above two reasons 
made Drosophila S2 cells the system of choice for studying the subcellular 
localisation of CLIP-190. For that purpose a rabbit and a sheep polyclonal anti-
CLIP- 190 antibodies were generated and used in microscopy by indirect 
immunofluorescence. 
In interphase CLIP- 190 was identified in the cytoplasm and on microtubule 
plus ends, as anticipated. Variability in the plus end binding was observed, which 
probably reflects differences in the dynamic state of individual microtubules at the 
time of fixation. In mitosis Drosophila CLIP- 190 localised to unattached 
prometaphase kinetochores, just like mammalian CLIP-170 (Dujardin et al., 1998), 
however unlike mammalian CLIP-170, Drosophila CLIP-190 was completely gone 
from microtubule plus ends in mitosis (Coquelle et al., 2002). 
6.2.1 	Determinants Of The Kinetochore Localisation Of CLIP-190 
Unattached kinetochores are the site of activity of the spindle checkpoint, 
which senses the lack of microtubule binding or tension and delays anaphase. The 
possible requirement of checkpoint activity for CLIP- 190 kinetochore localisation 
was ruled out by depletion of two of the checkpoint proteins, Madi and BubRi. In 
these conditions the checkpoint was inactivated, but CLIP- 190 continued to associate 
with kinetochores. 
It was demonstrated that CLIP- 190 localisation to kinetochores required the 
presence of Rod, DyneinlDynactin and Lis 1, but not homologs of 2 other Dynein-
associated proteins (Nud-C and Nud-E), nor CENP-meta. These findings are in line 
with reports for mammalian CLIP-l70 (Dujardin et al., 1998, Coquelle et al., 2002). 
During the course of these experiments, an interesting new requirement of Lisi for 
Dynein localisation was discovered, which contradicts previous data from 
mammalian and C. elegans systems (Tai et al., 2002, Cockell et al., 2004), but is 
supported by a recent report in Drosophila (Siller et al., 2005). This suggests 
differences in the kinetochore functions of the Dynein complex between different 
systems. One major function of Dynein on kinetochores is to contribute to 
checkpoint inactivation by transporting checkpoint proteins away from kinetochores 
109 
upon microtubule attachment (Howell et al., 2001). This activity of Dynein could 
account for the loss of CLIP- 190 from kinetochores upon microtubule attachment. 
To test this hypothesis, inhibition of the motor activity of Dynein was necessary. 
Any other disruption of the complex would result in the failure of CLIP- 190 to 
localise to kinetochores in the first place. Using sodium vanadate,a known inhibitor 
of Dynein ATPase activity, the transport of Dynein towards the spindle poles was 
blocked, which resulted in an abnormal kinetochore accumulation of both Dynein 
and CLIP- 190 at metaphase. This fact and the exact colocalisation of the two 
proteins at these ectopic sites confirmed the hypothesis that Dynein removes CLIP-
190 from kinetochores. 
What is the function of CLIP- 190 at kineto chores? Kinetochores are required 
for microtubule attachment to chromosomes and for the activity of the spindle 
checkpoint. Considering the specific localisation of CLIP- 190 to unattached 
kinetochores it could be expected to perform some function related to the spindle 
checkpoint. Bikl, the S. cerevisiae CLIP, is required for kinetochore-microtubule 
interactions in polyploid cells (Lin et al., 2001). Expression of a dominant-negative 
construct (consisting of the C-terminus of CLIP- 170) that delocalises endogenous 
human CLIP- 170 from kinetochores, results in accumulation of cells in 
prometaphase (Dujardin et al., 1998). It cannot be concluded, however, that the 
prometaphase delay is caused by the delocalisation of the endogenous protein. 
Overexpression of such a truncated protein can cause many unpredictable cellular 
defects, especially because the C-terminus of CLIP-170 can bind to various proteins, 
including CLIP-170, pl50', Lisl and possibly many others. Two recent studies 
involving RNAi of human CLIP- 170 report mitotic defects resulting from the protein 
depletion (Wieland et al., 2004, Green et al., 2005). Cells displayed strong mitotic 
arrest and chromosome misalignment phenotypes. The above findings for these CLIP 
homologs implicate them more in kinetochore-microtubule interactions rather than in 
spindle checkpoint function. It is not clear how CLIP- 170 can be involved in these 
interactions when it is missing from attached kinetochores. Given these essential 
functions of human CLIP-170, it is also not clear why CLIP-170 knockout mice 
develop normally, even though there is residual CLIP-170 detected in some tissues 
(Akhmanova et al., 2005). Is it a difference between human and mouse CLIP-170 or 
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could it be that these mitotic functions of CLIP- 170 are only relevant in transformed 
cells in culture, but not in vivo? Also, are the mitotic functions specific to the 
kinetochore-bound pool of CLIP-170 or the microtubule-bound pool, since (unlike 
CLIP- 190) CLIP- 170 retains its microtubule binding ability during mitosis (Coquelle 
et al., 2002)? All of these important and interesting questions remain to be answered 
in the future. In my hands RNAi depletion of more than 90% of CLIP-190 did not 
result in any detectable increase in the mitotic index or change in the distribution of 
cells in different mitotic phases. This is clearly different to the CLIP- 170 RNAi 
results and probably represents a genuine divergence in the functions of the human 
and the fly homologs. I also failed to detect any increase in spindle or chromosome-
alignment defects. Altogether, CLIP- 190 depletion did not cause any cell cycle 
defects apart from a mild, but significant and reproducible decrease in the level of 
mitotic arrest in response to microtubule depolymerisation. This result suggests some 
kind of auxiliary but not essential role for CLIP- 190 in spindle checkpoint function. 
6.2.2 Determinants Of The Interphase Localisation Of CLIP-190 To Microtubule 
Plus Ends 
CLIP-190 from Drosophila embryo extracts has previously been identified in 
our laboratory to interact with GST-EB 1 in an in vitro pull-down assay (Sarah Elliot 
and Hiro Ohkura, unpublished data). EB 1 is a member of another major family of 
conserved +TIPs, however the relative localisation of CLIPs and EB 1 proteins had 
not been examined before in any system. For this reason and because I had available 
antibodies from different species, allowing double staining of EB 1 and CLIP- 190, I 
analysed their behaviour simultaneously. In interphase the microtubule plus end 
staining of the two proteins overlapped almost entirely. The CLIP- 190 staining was 
found to be more punctate and "stretchy" than the "smooth", comet-like EB 1 
staining. This colocalisation was not observed in mitosis, where EB 1 still associated 
with microtubule plus ends, but CLIP-190 did not. 
The in vitro binding of CLIP-190 to GST-EB 1 and the interphase 
colocalisation results prompted. the investigation of a possible direct interaction 
between the two proteins. This possibility was confirmed and the binding of CLIP-
190 to EB 1 was found to be mediated through the N-terminus (CAP- 
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Gly/microtubule-binding domains) of CLIP- 190. All efforts to confirm this binding 
in vivo by coimmunoprecipitation with anti-EB 1 and anti-CLIP- 190 antibodies 
failed, indicating that the in vivo interaction is weak, transient or only small fractions 
from the total pools of the proteins are involved. 
The colocalisation and direct physical interaction of CLIP- 190 and EB 1 
suggested a functional relationship between the two proteins. This possibility was 
tested by RNAi. Depletion of CLIP- 190 had no effect on the normal behaviour of 
EB 1. A knockdown of EB 1, however, abolished the interphase microtubule plus end 
binding of CLIP-190 without affecting its kinetochore localisation in mitosis. 
Since the findings above were made, reports from other systems have 
confirmed that the binding and the functional relationship between the two +TIPs are 
conserved features in evolution. In fission yeast, but not in budding yeast, the EB 1 
homolog interacts directly with the CLIP homolog and mediates its localisation to 
microtubule plus ends (Browning et al., 2003, Busch and Brunner, 2004, Busch et 
al., 2004, Carvaiho et al., 2004). The situation in S. pombe and S. cerevisiae, though, 
is complicated by an additional Kinesin-mediated mechanism for transporting the 
CLIP homolog to plus ends, which has not been discovered in metazoans. Human 
CLIP-170 was recently shown to bind directly to EB1 homologs and simultaneous 
depletion of human EB 1 and EB3 significantly reduced the accumulation of CLIP-
170 at microtubule plus ends (Komarova et al., 2005). The authors demonstrated that 
the depletion of the EBs increased the dissociation rate of CLIP-170 and expression 
of an EB 1 mutant lacking its CLIP-binding C-terminus was able to restore a part of 
the plus-end binding ability of CLIP-170. This is an important finding, indicating 
that the EB-CLIP-170 interaction cannot account entirely for the localisation 
dependency of CLIP-170 on EBs. Interestingly, the authors also failed to detect 
interaction between the endogenous EBs and CLIP- 170 by coimmunoprecipitation. 
They proposed that the interaction might be transient and/or only in the context of 
the microtubule plus end. 
How does EB 1 contribute to the plus-end binding of CLIPs? It is known that 
CLIP- 170 can directly associate with in vitro assembled microtubules and even 
accumulates at newly polymerised plus ends (Pierre et al., 1992, Diamantopoulos et 
al., 1999). Therefore, it is unlikely that EB 1 targets CLIP-170 to plus ends by 
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providing a physical association with the structure, besides the in vivo interaction 
seems to be too transient or weak to support such a "bridging" model. The data of 
Komarova et al. (2005) show that EBs regulate the association-dissociation dynamics 
of CLIP- 170 on plus ends, but do not mediate "bridging" of CLIP- 170 to 
microtubules, since in overexpression of EB 1 when the protein decorates the entire 
microtubule length, CLIP-170 still preferentially associates with plus ends. An 
exciting new twist has just been introduced by a study, which examines the potential 
of CLIP-170 and EB1 to copolymerise with in vitro assembled microtubules (Ligon 
et al., 2006). It was shown that unlike EB1, CLIP-170 can bind efficiently to tubulin 
dimers and copolymerise into microtubules from their plus ends. When the two 
proteins were incubated with tubulin and microtubules simultaneously CLIP- 170 was 
able to bind to and recruit EB1 to microtubule plus ends. This is entirely opposite to 
what is observed in vivo. It must be noted however, that the authors did not use full-
length CLIP- 170, but an N-terminal portion containing the microtubule-binding and 
EB1-binding sites. This is a good example of the fact that in vitro studies only show 
potential activities of isolated proteins and the results should not be assumed to be 
valid in vivo. It is not clear whether the mechanistic findings of Komarova et al. are 
relevant for the fly homologs of EB 1 and CLIP- 190. My results show that in 
Drosophila cells well depleted for EB 1, CLIP- 190 is entirely lost from microtubule 
plus ends, while Komarova et al. demonstrate that even in the triple depletion of 
human EB1, E132 and E133, the CLIP-170 comets, although reduced in length and 
intensity are still present. In any case Drosophila is an easier system to study these 
mechanisms further because unlike with humans, flies do not have additional 
paralogs of EB 1 and CLIP- 190 that have the potential to bind to each other. 
6.2.3 	Cell Cycle Regulation Of The Microtubule Plus End Localisation Of CLIP- 
190 
During the process of analysing the cell cycle behaviour of CLIP- 190, I made 
an interesting observation. Unlike in interphase, CLIP- 190 does not associate with 
microtubule plus ends during mitosis. This is intriguing, since it has not been 
observed with any other CLIP homolog. In fact, both in yeast and human cells, 
CLIPs have been shown to localise to astral microtubule plus ends (Brunner and 
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Nurse, 2000, Lin et al., 2001, Coquelle et al., 2002). In contrast to CLIP-190, EBI is 
associated with microtubule plus ends in mitosis in the same way as in interphase. 
This ruled out the possibility that a change in microtubule dynamics can account for 
the different behaviour of CLIP- 190, since EB 1 has the same preference to 
polymerising plus ends as CLIP-190. Another possibility was that the kinetochore 
association of CLIP- 190 leaves no available protein to bind to microtubule plus ends. 
This possibility was excluded by preventing the kinetochore binding of CLIP- 190 
through depletion of DHC, which did not restore the plus end binding of CLIP- 190. 
All of the above led to the conclusion that the microtubule plus end binding activity 
of CLIP-190 is actively regulated during the cell cycle. 
CLIP- 170 and its microtubule binding are known to be regulated by 
phosphorylation. When CLIP- 170 was first isolated, it was established that its 
association with microtubules was inhibited by an as yet unidentified protein kinase 
(Rickard and Kreis, 1990, Rickard and Kreis, 1991). More recently mTOR was 
shown to interact with and phosphorylate CLIP-170, however this phosphorylation 
promoted its microtubule binding. In my hands neither depletion of dTOR, the 
Drosophila homolog of mTOR, nor its inhibition by rapamycin had any notable 
effect on the plus end behaviour of CLIP- 190. Depletion of 2 other kinases, known to 
regulate the cell cycle, Polo and Aurora A, indicated that they are also not 
responsible for the regulation. 
Further insight into the possible identity of the regulator came from an 
analogy with APC, another interactor of EB 1 in mammals. Similar to Drosophila 
CLIP- 190, mammalian APC binds directly to EB 1 C-terminus and colocalises with 
EB 1 at interphase, but not mitotic microtubule plus ends (Mimori-Kiyosue et al., 
2000). This localisation of APC requires its EB 1-binding domain (Askham et al., 
2000). A phosphorylation of APC by Cdc2 in mitosis inhibits the APC-EB1 
interaction (Askham et al., 2000, Nakamura et al., 2001, Honnappa et al., 2004). 
These striking parallels between mammalian APC and Drosophila CLIP-190 
suggested that a similar mechanism could also regulate the latter. Upon examination 
of the protein sequence of CLIP-190 only two strict potential Cdc2 phosphorylation 
motifs were identified. Notably, each of these is situated after each of the two CAP-
Gly domains of CLIP- 190, which comprise the microtubule and EB 1-binding region 
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of the protein. These residues were mutated and full-length GFP-fusions of both wild 
type and double-mutant CLIP- 190 were transiently expressed in S2 cells. Initial 
observations suggested differences between the two fusion proteins in their mitotic 
microtubule plus end binding behaviour. However, a serious technical problem was 
encountered. Even moderate overexpression of the wild-type construct proved to 
override its normal regulation and the protein started to associate ectopically with 
astral microtubule plus ends. There are many possible explanations as to why that is. 
The most likely possibilities are that either Cdc2 cannot cope to entirely 
phosphorylate the increased amount of CLIP-190 within the same time limits, or 
alternatively, that even though it is phosphorylated, CLIP- 190 can now associate 
with microtubule plus ends, because of its increased concentration. 
Several alternative approaches could be undertaken to try and circumvent this 
problem in future experiments. Firstly, a fluorescence intensity measurement method 
could be developed to identify cells with similar levels of expression, in which there 
would be a clear difference between the behaviour of the wild-type and mutant 
protein. Secondly, a cotransfection with an indestructible mutant form of Cyclin B, 
which is known to block cells in mitosis, could give more time for Cdc2 to 
phosphorylate the excessive amounts of wild-type CLIP- 190. In this way any 
difference between wild-type and mutant CLIP-190 should become clear even at 
average overexpression levels. Further to this, endogenous CLIP- 190 can be 
selectively depleted by dsRNAi targeting the 5'-UTR, which is not present in the 
fusion constructs. This would reduce the total amount of CLIP- 190 protein and the 
overexpression effect in the cells. And last, but not least, the fact that the constructs 
were cloned in a fly transformation vector allows the possibility to produce 
transgenic flies and address the question in vivo, in dividing tissues of flies, 
expressing stable levels of a single copy of the transgene. 
6.3 	Systematic Identification Of Microtubule Regulators 
Microtubule dynamics and organisation in cells are mainly controlled by 
protein factors (MAPs/microtubule regulators) that bind to microtubules and direct 
their behaviour. Therefore, in order to have more understanding of the mechanisms 
of microtubule regulation, it is of primary importance to identify and study such 
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microtubule regulators. Various different methods for identification of MAPs have 
been previously used. Notably systematic biochemical, genetic and cytological 
screens have proved very productive, however, each method along with its 
advantages has certain limitations. 
In this work we undertook an RNAi-based cytological screen for microtubule 
regulators in Drosophila. A relatively small number of proteins (30) were preselected 
on the basis of their potential ability to bind to microtubules and/or tubulin. The 
small number has the advantage of a more thorough analysis compared to high-
throughput screens, which involve a quick or automated analysis. However one of 
the incentives of this screen was to assess the effectiveness and limitations of this 
approach and its possible applicability on a larger scale. 
The candidate MAPs were selected by a literature search for publications 
describing proteins identified to bind to microtubules or tubulin in vitro or to 
colocalise with microtubule structures in vivo. Another criterion was that these 
proteins should not have been studied in vivo with respect to their effect on 
microtubule regulation. The Drosophila homologs of these proteins were identified 
by BLAST searches and the ones that were confirmed to be expressed in S2 cells (by 
the existence of a specific cDNA isolated from that cell line) were included in the 
screen. On this basis 26 proteins were selected. Additionally, Cks30A, Cks85A, 
Stathmin and tubulin-folding cofactor D were also included. Cks30A was identified 
in our laboratory to regulate the organisation and function of Drosophila female 
meiosis-I spindles. On that basis, though without evidence for its ability to bind 
microtubules, Cks30A and its paralog Cks85A were included in the screen. Stathmin 
and tubulin-folding cofactor D are proteins with confirmed roles in microtubule 
regulation, but which have not been studied before in Drosophila cell culture. They 
were included as positive controls to test whether their effect on microtubule 
dynamics would be manifested as aberrant microtubule organisation resulting from 
their depletion. 
The screen was performed by systematic depletion of the proteins for 5-7 
days in S2 cells. Cells were then spread on concanavalin A-treated slides for 
increased spatial resolution, fixed and immunostained with antibodies against a-
tubulin and phospholl3 Si 0 (a mitotic marker) and conterstained for DNA (with 
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DAPI). The microtubule organisation in these depleted cells was analysed by 
fluorescence microscopy and compared to a mock depletion. One caveat in the 
screen is that the depletion of proteins was not verified. Previous experience with this 
technique in our laboratory, however, shows that it is very robust and reproducible 
and it has never failed in our hands in the cases when the depletion was monitored. 
Besides, verification of a depletion still does not guarantee that the protein is 
depleted sufficiently to induce a phenotype, and the screen was not designed to rule 
out possible regulators. 
As a result of the screen, 4 proteins were identified to be required for normal 
microtubule organisation. 
6.3.1 	Bifocal Is Required For Normal Interphase Microtubule Organisation 
Bifocal is a protein required for the normal development of the Drosophila 
compound eye (Bahri et al., 1997). Bifocal mutants have a "rough-eye" phenotype 
and defective rhabdomere actin network. Bifocal is important for Oskar mRNA 
localisation in Drosophila oocytes (Babu et al., 2004) and possesses an actin-
microtubule crosslinking activity (Sisson et al., 2000). 
Analysis of Bifocal-depleted cells showed a significant decrease in the ability 
of microtubules to form the typical radial array, characteristic of control cells. This 
phenotype suggests a function in controlling microtubule dynamics. A similar, 
although much more severe phenotype has been observed in our laboratory after 
depletion of Msps, an XMAP215 homolog (Brittle and Ohkura, 2005). It was 
identified that Msps has a profound effect on interphase microtubule dynamics by 
acting as an anti-pausing agent. Whether a similar activity could account for the 
Bifocal phenotype could be answered by examining microtubule dynamics after 
Bifocal depletion. It is clear, however, that not all proteins that affect microtubule 
dynamics alter microtubule organisation when depleted. This is the case with EB 1, 
which despite also having an anti-pausing activity, does not contribute to normal 
microtubule organisation (Rogers et al., 2002). It is possible that only MAPs with 
very strong effects on microtubule dynamics or a very specific effect on a particular 
parameter of dynamic instability can cause such a phenotype. 
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Another possibility is that Bifocal might stabilise microtubules at the 
periphery by mediating interactions with the actin-rich cortex using its microtubule-
actin crosslinking activity (Sisson et al., 2000). However, in that case it is still not 
clear how a lack of peripheral stabilisation could prevent all microtubules from 
invading the periphery. Nevertheless, Bifocal was identified as a microtubule 
regulator with an important role for interphase microtubule organisation. Its putative 
function in regulating microtubule dynamics will be addressed in the future. 
6.3.2 CPAP Prevents Cenrosome Loss 
Depletion of the Drosophila homolog of mammalian CPAP resulted in an 
increased number of mono and anastral spindles. The morphology and function of 
these spindles was not affected, since other mitotic defects were not detected. This 
phenotype developed progressively with time and after 8 days of depletion 
essentially all mitotic spindles were anastral. Examination of several centrosomal 
markers confirmed that there were no centrosomes present at these anastral spindle 
poles. Drosophila CPAP is a homolog of human CPAP, which is a centrosomal y -
tubulin associated protein that has been shown to possess microtubule destabilising 
activity (Hung et al., 2000, Hung et al., 2004). Recently CPAP was depleted in 
human cell culture, which resulted in mitotic arrest and apoptosis (Cho et al., 2006). 
Many of the arrested cells displayed multipolar spindles. The authors detected y-
tubulin and other centrosomal markers at the ectopic spindle poles. These results are 
clearly different from our data, but this is most likely to be due to a difference in the 
system because a study of the C. elegans homolog of CPAP, SAS-4 clearly showed 
that it is essential for centrosome duplication in that organism and localisation 
studies suggested that SAS-4 is recruited to the daughter centriole (Leidel and 
Gonczy, 2003). This is completely coherent with our results and suggests a similar 
role for Drosophila CPAP in centrosome duplication. Drosophila could prove to be 
the ideal system to study centrosome duplication, since flies have been reported to 
reach adulthood without fully functional centrosomes (Megraw et al., 2001). This 
lower sensitivity to loss of centrosomes is also obvious in our CPAP RNAi results, 
since there were no detectable mitotic defects and cells continued to proliferate 
normally. There is an interesting possibility that an acentrosomal S2 cell line could 
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be produced by sequential depletions of CPAP. Drosophila acentrosomal cell lines 
already exist and could prove to be a useful tool for studying noncentrosomal 
microtubule nucleation and organisation in mitosis. 
6.3.3 	Depletion Of SF3A66 Results In Multiple Mitotic Defects 
The mammalian pre-mRNA-splicing factor SF3a subunit 66 was reported to 
be able to bind and bundle microtubules (Takenaka et al., 2004). A depletion of the 
Drosophila homolog in the screen resulted in severe mitotic defects of various kinds, 
including a multitude of spindle morphology defects. In addition cell proliferation 
was significantly inhibited and upon examination many cells were apparently dead or 
dying. Recently a depletion in human cells of each of the three subunits of the S173a 
splicing factor, including SF3A66 showed that this factor is essential for general 
splicing and cell viability (Tanackovic and Kramer, 2005). The knockdown resulted 
in severe reduction of protein expression and necrotic cell death. This supports our 
results and suggests that the mitotic defects observed are an indirect consequence of 
the more severe general splicing and cell-viability defects. Unfortunately it would be 
very challenging to find a way to study further a potential in vivo role of SF3A66 in 
microtubule regulation without affecting its other essential functions. 
6.3.4 Cks85A Is Required For Normal Mitotic Progression 
Depletion of Cks85A resulted in mitotic abnormalities. Spindle polarity, 
chromosome alignment and chromosome segregation were defective. These defects 
are similar to the ones observed in female meiosis for a Cks30A mutant in our 
laboratory (Pearson et al., 2005). Interestingly, depletion of Cks30A did not show 
mitotic defects. Additionally, in a recent publication by Swan et al. the authors fail to 
detect meiotic defects for a Cks85A null mutant (Swan et al., 2005). It is tempting, 
therefore, to speculate that the two Cks paralogs might share the same function in 
different processes, Cks30A in female meiosis and Cks85A in mitosis. The Cks 
proteins are the third component of the Cdc2-cyclin B complex and are conserved in 
all eukaryotes. They have been shown to promote the kinase activity of Cdc2-cyclin 
B complex towards some of its mitotic substrates (Patra et al., 1999). However, Cks 
proteins have Cdc2-independent functions too (Ganoth et al., 2001, Spruck et al., 
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2001), so it is not clear how their spindle-regulating function is mediated. Pearson et 
at. (2005) additionally describe that the Cks30A mutation mislocalises Msps and D-
TACC proteins required for normal meiotic spindle morphology. Thus, it is feasible 
to suggest that the Cks proteins might be involved in the regulation of important 
mitotic MAPs, which in their turn control spindle morphology and function. 
Surprisingly, the RNAi of Stathmin and tubulin-folding cofactor D did not 
display any microtubule organisation defects. These two proteins are known to have 
microtubule regulating activities (Howell et at., 1999b, Martin et al., 2000), so they 
were expected to induce some microtubule-related phenotype when depleted. One 
possible explanation is that a change in microtubule dynamics does not necessarily 
lead to a change in microtubule organisation, as in the case of EB 1-depleted 
interphase cells (Rogers et al., 2002). Another possibility is that because of the large 
functional overlap amongst microtubule regulators in vivo, disrupting the function of 
one could be compensated for by others with similar functions. 
Considering these possibilities, an increase in the sensitivity of the assay is 
crucial to applying this screen on a larger scale. It is possible that the sensitivity of 
the method could be improved significantly by, additionally challenging the system. 
This could be achieved by codepletion with another MAP (like EB 1) or a mild cold 
shock, which would slightly destabilise microtubules with little or no impact on 
microtubule organisation. In this case a further depletion (or codepletion) of a MAP 
with stabilising function would have a synergistic effect and would likely destabilise 
microtubules sufficiently to induce microtubule organisation defects. This idea 
remains to be tested and verified experimentally. 
6.4 	Summary And Future Directions 
In an attempt to study the function of the microtubule associated protein 
CLIP- 190 in Drosophila development two P-element insertions in the gene were 
characterised. They were found to represent hypomorphic alleles resulting in a 
substantial decrease in CLIP-190 expression, however, without an effect on fly 
viability or fertility. Additional approaches to disrupt the expression of the gene led 
to the conclusion that flies are tolerant to large deviations from normal CLIP- 190 
protein levels. Future efforts to study the developmental role of CLIP- 190 must 
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initially concentrate on establishing whether CLIP-190 is an essential gene in 
Drosophila development by generating a null allele. This could be done in several 
alternative ways, but probably the most feasible options are homologous 
recombination and generating an intragenic deletion by FLP-FRT recombination. 
Tools that could aid in this process have already been created: a small synthetic 
deficiency and a genomic rescue line. 
The subcellular behaviour of CLIP- 190 was studied in Drosophila cell 
culture. This revealed distinct mechanisms of localisation during the cell cycle. In 
prometaphase the protein localises to unattached kinetochores, which is. mediated by 
the Dynein-Dynactin complex and associated proteins. By metaphase CLIP-190 is 
removed from kinetochores by Dynein-driven poleward transport. In interphase 
CLIP- 190 colocalises at microtubule plus ends with EB 1, another microtubule 
regulator. The two proteins are able to interact directly and EB 1 is required for the 
microtubule plus end localisation of CLIP- 190. Further to this, cell cycle regulation 
of the microtubule plus end binding activity of CLIP- 190 was demonstrated and 
initial experiments suggested Cdc2 as the possible regulator. Future work is required 
to confirm or eliminate this possibility by comparing the behaviour of GFP-fusion 
proteins with wild-type CLIP- 190 and a mutant form, unable to be phosphorylated 
by Cdc2 
An RNAi-based cytological screen was undertaken in Drosophila cell culture 
in order to identify new microtubule regulators. 30 proteins with the potential to bind 
to microtubules or tubulin were systematically depleted in S2 cells and the effect of 
this depletion on microtubule organisation was analysed. As a result of this screen 4 
proteins were identified to be required for normal microtubule organisation. The 
mechanisms of their regulation on microtubules remain to be studied. In future, the 
sensitivity of the screen and hence its applicability on a larger scale may be improved 
by additional slight destabilisation of microtubules, which will have an additive 




Adams, R. R., A. A. Tavares, A. Salzberg, H. J. Bellen and D. M. Glover. 1998. 
pavarotti encodes a kinesin-like protein required to organize the central 
spindle and contractile ring for cytokinesis. Genes Dev. 12:1483-94. 
Akhmanova, A., C. C. Hoogenraad, K. Drabek, T. Stepanova, B. Dortland, T. 
Verkerk, W. Vermeulen, B. M. Burgering, C. I. De Zeeuw, F. Grosveld and 
N. Gaijart. 2001. Clasps are CLIP-115 and -170 associating proteins involved 
in the regional regulation of microtubule dynamics in motile fibroblasts. Cell. 
104:923-35. 
Akhmanova, A., A. L. Mausset-Bonnefont, W. van Cappellen, N. Keijzer, C. C. 
Hoogenraad, T. Stepanova, K. Drabek, J. van der Wees, M. Mommaas, J. 
Onderwater, H. van der Meulen, M. E. Tanenbaum, R. H. Medema, J. 
Hoogerbrugge, J. Vreeburg, B. J. Uringa, J. A. Grootegoed, F. Grosveld and 
N. Gaijart. 2005. The microtubule plus-end-tracking protein CLIP-170 
associates with the spermatid manchette and is essential for spermatogenesis. 
Genes Dev. 19:2501-15. 
Allen, C. and G. G. Borisy. 1974. Structural polarity and directional growth of 
microtubules of Chlamydomonas flagella. J Mol Biol. 90:381-402. 
Amos, L. and A. Klug. 1974. Arrangement of subunits in flagellar microtubules. J 
Cell Sci. 14:523-49. 
Arnal, I., C. Heichette, G. S. Diamantopoulos and D. Chretien. 2004. CLIP -
170/tubulin-curved oligomers coassemble at microtubule ends and promote 
rescues. Curr Biol. 14:2086-95. 
Arnal, I., E. Karsenti and A. A. Hyman. 2000. Structural transitions at microtubule 
ends correlate with their dynamic properties in Xenopus egg extracts. J Cell 
Biol. 149:767-74. 
Ashburner, M. 1989. Drosophila: A Laboratory Handbook. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, NY, USA. 
Ashburner, M., K. Golic and R. Hawley. 2005. Drosophila: A Laboratory Handbook. 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New York, USA. 
Askham, J. M., P. Moncur, A. F. Markham and E. E. Morrison. 2000. Regulation and 
function of the interaction between the APC tumour suppressor protein and 
EB1. Oncogene. 19:1950-8. 
Babu, K., Y. Cai, S. Bahri, X. Yang and W. Chia. 2004. Roles of Bifocal, Homer, 
and F-actin in anchoring Oskar to the posterior cortex of Drosophila oocytes. 
Genes Dev. 18:138-43. 
Bahri, S. M., X. Yang and W. Chia. 1997. The Drosophila bifocal gene encodes a 
novel protein which colocalizes with actin and is necessary for photoreceptor 
morphogenesis. Mol Cell Biol. 17:5521-9. 
Bellen, H. J., R. W. Levis, G. Liao, Y. He, J. W. Carlson, G. Tsang, M. Evans-Holm, 
P. R. Hiesinger, K. L. Schulze, G. M. Rubin, R. A. Hoskins and A. C. 
Spradling. 2004. The BDGP gene disruption project: single transposon 
insertions associated with 40% of Drosophila genes. Genetics. 167:761-81. 
Belmont, L. D., A. A. Hyman, K. E. Sawin and T. J. Mitchison. 1990. Real-time 
visualization of cell cycle-dependent changes in microtubule dynamics in 
cytoplasmic extracts. Cell. 62:579-89. 
122 
Belmont, L. D. and T. J. Mitchison. 1996. Identification of a protein that interacts 
with tubulin dimers and increases the catastrophe rate of microtubules. Cell. 
84:623-31. 
Bloom, G. S., T. A. Schoenfeld and R. B. Vallee. 1984. Widespread distribution of 
the major polypeptide component of MAP 1 (microtubule-associated protein 
1) in the nervous system. J Cell Biol. 98:320-30. 
Borisy, G. G., J. M. Marcum, J. B. Olmsted, D. B. Murphy and K. A. Johnson. 1975. 
Purification of tubulin and associated high molecular weight proteins from 
porcine brain and characterization of microtubule assembly in vitro. Ann N Y 
Acad Sci. 253:107-32. 
Brittle, A. L. and H. Ohkura. 2005. Mini spindles, the XMAP215 homologue, 
suppresses pausing of interphase microtubules in Drosophila. Embo J. 
24:1387-96. 
Browning, H., D. D. Hackney and P. Nurse. 2003. Targeted movement of cell end 
factors in fission yeast. Nat Cell Biol. 5:812-8. 
Brunner, D. and P. Nurse. 2000. CLIP170-like tipip spatially organizes microtubular 
dynamics in fission yeast. Cell. 102:695-704. 
Burns, R. G. 1991. Alpha-, beta-, and gamma-tubulins: sequence comparisons and 
structural constraints. Cell Motil Cytoskeleton. 20:181-9. 
Busch, K. B. and D. Brunner. 2004. The microtubule plus end-tracking proteins 
mal3p and tipip cooperate for cell-end targeting of interphase microtubules. 
Curr Biol. 14:548-59. 
Busch, K. E., J. Hayles, P. Nurse and D. Brunner. 2004. Tea2p kinesin is involved in 
spatial microtubule organization by transporting tipip on microtubules. Dev 
Cell. 6:831-43. 
Caplow, M. and L. Fee. 2003. Concerning the chemical nature of tubulin subunits 
that cap and stabilize microtubules. Biochemistry. 42:2122-6. 
Caplow, M., R. L. Ruhlen and J. Shanks. 1994. The free energy for hydrolysis of a 
microtubule-bound nucleotide triphosphate is near zero: all of the free energy 
for hydrolysis is stored in the microtubule lattice. J Cell Biol. 127:779-88. 
Carvalho, P., M. L. Gupta, Jr., M. A. Hoyt and D. Pellman. 2004. Cell cycle control 
of kinesin-mediated transport of Biki (CLIP-170) regulates microtubule 
stability and dynein activation. Dev Cell. 6:815-29. 
Cassimeris, L. 1993. Regulation of microtubule dynamic instability. Cell Motil 
Cytoskeleton. 26:275-81. 
Cassimeris, L., N. K. Pryer and E. D. Salmon. 1988. Real-time observations of 
microtubule dynamic instability in living cells. J Cell Biol. 107:2223-31. 
Cho, J. H., C. J. Chang, C. Y. Chen and T. K. Tang. 2006. Depletion of CPAP by 
RNAi disrupts centrosome integrity and induces multipolar spindles. 
Biochem Biophys Res Commun. 339:742-7. 
Choi, J. H., P. G. Bertram, R. Drenan, J. Carvaiho, H. H. Zhou and X. F. Zheng. 
2002. The FKBP12-rapamycin-associated protein (FRAP) is a CLIP-170 
kinase. EMBO Rep. 3:988-94. 
Chretien, D., S. D. Fuller and E. Karsenti. 1995. Structure of growing microtubule 
ends: two-dimensional sheets close into tubes at variable rates. J Cell Biol. 
129:1311-28. 
Clemens, J. C., C. A. Worby, N. Simonson-Leff, M. Muda, T. Maehamã, B. A. 
Hemmings and J. E. Dixon. 2000. Use of double-stranded RNA interference 
123 
in Drosophila cell lines to dissect signal transduction pathways. Proc Nati 
Acad Sci USA.  97:6499-503. 
Cockell, M. M., K. Baumer and P. Gonczy. 2004. lis- 1 is required for dynein-
dependent cell division processes in C. elegans embryos. J Cell Sci. 
117:4571-82. 
Coquelle, F. M., M. Caspi, F. P. Cordelieres, J. P. Dompierre, D. L. Dujardin, C. 
Koifman, P. Martin, C. C. Hoogenraad, A. Akhmanova, N. Gaijart, J. R. De 
Mey and 0. Reiner. 2002. LIS 1, CLIP- 170's key to the dynein/dynactin 
pathway. Mol Cell Biol. 22:3089-102. 
Cottingham, F. R. and M. A. Hoyt. 1997. Mitotic spindle positioning in 
Saccharomyces cerevisiae is accomplished by antagonistically acting 
microtubule motor proteins. J Cell Biol. 138:1041-53. 
Cullen, C. F., P. Deak, D. M. Glover and H. Ohkura. 1999. mini spindles: A gene 
encoding a conserved microtubule- associated protein required for the 
integrity of the mitotic spindle in Drosophila. J Cell Biol. 146:1005-18. 
David-Pfeuty, T., H. P. Erickson and D. Pantaloni. 1977. Guanosinetriphosphatase 
activity of tubulin associated with microtubule assembly. Proc Nail Acad Sci 
USA.  74:5372-6. 
Delanoue, R. and I. Davis. 2005. Dynein anchors its ITIRNA cargo after apical 
transport in the Drosophila blastoderm embryo. Cell. 122:97-106. 
Desai, A. and T. J. Mitchison. 1997. Microtubule polymerization dynamics. Annu 
Rev Cell Dev Biol. 13:83-117. 
Desai, A., S. Verma, T. J. Mitchison and C. E. Walczak. 1999. Kin I kinesins are 
microtubule-destabilizing enzymes. Cell. 96:69-78. 
Dhamodharan, R. and P. Wadsworth. 1995. Modulation of microtubule dynamic 
instability in vivo by brain microtubule associated proteins. J Cell Sci. 108 
(Pt 4):1679-89. 
Diamantopoulos, G. S., F. Perez, H. V. Goodson, G. Batelier, R. Melki, T. E. Kreis 
and J. E. Rickard. 1999. Dynamic localization of CLIP-170 to microtubule 
plus ends is coupled to microtubule assembly. J Cell Biol. 144:99-112. 
Doyle, K. 1996. Promega Protocols and Applications Guide: The Source For 
Discovery. Promega Corporation, USA. 
Dujardin, D., U. I. Wacker, A. Moreau, T. A. Schroer, J. E. Rickard and J. R. De 
Mey. 1998. Evidence for a role of CLIP-170 in the establishment of 
metaphase chromosome alignment. J Cell Biol. 141:849-62. 
Dzhindzhev, N. S., S. L. Rogers, R. D. Vale and H. Ohkura. 2005. Distinct 
mechanisms govern the localisation of Drosophila CLIP- 190 to unattached 
kinetochores and microtubule plus-ends. J Cell Sci. 118:3781-90. 
Eichenmuller, B., P. Everley, J. Palange, D. Lepley and K. A. Suprenant: 2002. The 
human EMAP-like protein-70 (ELP70) is a microtubule destabilizer that 
localizes to the mitotic apparatus. JBiol Chem. 277:1301-9. 
Elliott, S. L., C. F. Cullen, N. Wrobel, M. J. Kernan and H. Ohkura. 2005. EB1 is 
essential during Drosophila development and plays a crucial role in the 
integrity of chordotonal mechanosensory organs. Mol Biol Cell. 16:891-901. 
Esmaeli-Azad, B., J. H. McCarty and S. C. Feinstein. 1994. Sense and antisense 
transfection analysis of tau function: tau influences net microtubule assembly, 
neurite outgrowth and neuritic stability. J Cell Sci. 107 (Pt 4):869-79. 
124 
Etienne-Manneville, S. and A. Hall. 2003. Cdc42 regulates GSK-3beta and 
adenomatous polyposis coli to control cell polarity. Nature. 421:753-6. 
Evans, L., T. Mitchison and M. Kirschner. 1985. Influence of the centrosome on the 
structure of nucleated microtubules. J Cell Biol. 100:1185-91. 
Fan, J., A. D. Griffiths, A. Lockhart, R. A. Cross and L. A. Amos. 1996. Microtubule 
minus ends can be labelled with a phage display antibody specific to alpha-
tubulin. JMo1 Biol. 259:325-30. 
Fukata, M., T. Watanabe, J. Noritake, M. Nakagawa, M. Yamaga, S. Kuroda, Y. 
Matsuura, A. Iwamatsu, F. Perez and K. Kaibuchi. 2002. Racl and Cdc42 
capture microtubules through IQGAP1 and CLIP-170. Cell. 109:873-85. 
Fuller, M. T., C. L. Regan, L. L. Green, B. Robertson, R. Deuring and T. S. Hays. 
1989. Interacting genes identify interacting proteins involved in microtubule 
function in Drosophila. Cell Motil Cytoskeleton. 14:128-35. 
Ganoth, D., G. Bornstein, T. K. Ko, B. Larsen, M. Tyers, M. Pagano and A. 
Hershko. 2001. The cell-cycle regulatory protein Cks 1 is required for 
SCF(Skp2)-mediated ubiquitinylation of p27. Nat Cell Biol. 3:321-4. 
Garcia, M. A:, N. Koonrugsa and T. Toda. 2002. Two kinesin-like Kin I family 
proteins in fission yeast regulate the establishment of metaphase and the 
onset of anaphase A. Curr Biol. 12:610-21. 
Gard, D. L. and M. W. Kirschner. 1987. A microtubule-associated protein from 
Xenopus eggs that specifically promotes assembly at the plus-end. J Cell 
Biol. 105:2203-15. 
Gatt, M. K., M. S. Savoian, M. G. Riparbelli, C. Massarelli, G. Callaini and D. M. 
Glover. 2005. K1p67A destabilises pre-anaphase microtubules but 
subsequently is required to stabilise the central spindle. J Cell Sci. 118:2671-
82. 
Gatti, M. and B. S. Baker. 1989. Genes controlling essential cell-cycle functions in 
Drosophila melanogaster. Genes Dev. 3:438-53. 
Gibbons, I. R. and A. J. Rowe. 1965. Dynein: A Protein with Adenosine 
Triphosphatase Activity from Cilia. Science. 149:424-426. 
Glover, D. M., M. H. Leibowitz, D. A. McLean and H. Parry. 1995. Mutations in 
aurora prevent centrosome separation leading to the formation of monopolar 
spindles. Cell. 81:95-105. 
Goldstein, L. S. and S. Gunawardena. 2000. Flying through the drosophila 
cytoskeletal genome. J Cell Biol. 150:1763-8. 
Golic, K. G. and M. M. Golic. 1996. Engineering the Drosophila genome: 
chromosome rearrangements by design. Genetics. 144:1693-711. 
Gonczy, P., S. Pichler, M. Kirkham and A. A. Hyman. 1999. Cytoplasmic dynein is 
required for distinct aspects of MTOC positioning, including centrosome 
separation, in the one cell stage Caenorhabditis elegans embryo. J Cell Biol. 
147:135-50. 
Gonzalez, C., R. D. Saunders, J. Casal, I. Molina, M. Carmena, P. Ripoll and D. M. 
Glover. 1990. Mutations at the asp locus of Drosophila lead to multiple free 
centrosomes in syncytial embryos, but restrict centrosome duplication in 
larval neuroblasts. J Cell Sci. 96 (Pt 4):605-16. 
Goshima, G., F. Nedelec and R. D. Vale. 2005. Mechanisms for focusing mitotic 
spindle poles by minus end-directed motor proteins. J Cell Biol. 171:229-40. 
125 
Goshima, G. and R. D. Vale. 2005. Cell cycle-dependent dynamics and regulation of 
mitotic kinesins in Drosophila S2 cells. Mol Rio! Cell. 16:3896-907. 
Green, R. A., R. Wollman and K. B. Kaplan. 2005. APC and EB1 function together 
in mitosis to regulate spindle dynamics and chromosome alignment. Mol Biol 
Cell. 16:4609-22. 
Grishchuk, E. L., M. I. Molodtsov, F. I. Ataullakhanov and J. R. McIntosh. 2005. 
Force production by disassembling microtubules. Nature. 438:384-8. 
Gunel, M., M. S. Laurans, D. Shin, M. L. DiLuna, J. Voorhees, K. Choate, C. 
Nelson-Williams and R. P. Lifton. 2002. KRIT1, a gene mutated in cerebral 
cavernous malformation, encodes a microtubule- associated protein. Proc Nail 
Acad Sci USA.  99:10677-82. 
Harlow, E. and D. Lane. 1988. Antibodies: a laboratory manual. Cold Spring 
Harbour Press, New York. 
Hirokawa, N., R. Takemura and S. Hisanaga. 1985. Cytoskeletal architecture of 
isolated mitotic spindle with special reference to microtubule- associated 
proteins and cytoplasmic dynein. J Cell Biol. 101:1858-70. 
Hirose, K., J. Fan and L. A. Amos. 1995. Re-examination of the polarity of 
microtubules and sheets decorated with kinesin motor domain. J Mo! Biol. 
251:329-33. 
Holy, T. E. and S. Leibler. 1994. Dynamic instability of microtubules as an efficient 
way to search in space. Proc NatlAcadSci USA. 91:5682-5. 
Honnappa, S., C. M. John, D. Kostrewa, F. K. Winkler and M. 0. Steinmetz. 2004. 
Structural insights into the EB 1 -APC interaction. Embo J. 
Horio, T. and H. Hotani. 1986. Visualization of the dynamic instability of individual 
microtubules by dark-field microscopy. Nature. 321:605-7. 
Howell, B., H. Deacon and L. Cassimeris. 1999a. Decreasing oncoprotein 
1 8/stathmin levels reduces microtubule catastrophes and increases 
microtubule polymer in vivo. J Cell Sci. 112 (Pt 21):3713-22. 
Howell, B., N. Larsson, M. Gullberg and L. Cassimeris. 1999b. Dissociation of the 
tubulin- sequestering and microtubule catastrophe-promoting activities of 
oncoprotein 1 8/stathmin. Mo! Biol Cell. 10:105-18. 
Howell, B. J., B. F. McEwen, J. C. Canman, D. B. Hoffman, E. M. Farrar, C. L. 
Rieder and E. D. Salmon. 2001. Cytoplasmic dynein/dynactin drives 
kinetochore protein transport to the spindle poles and has a role in mitotic 
spindle checkpoint inactivation. J Cell Rio!. 155:1159-72. 
Huang, S. C., R. Jagadeeswaran, E. S. Liu and E. J. Benz, Jr. 2004. Protein 4. 1R, a 
microtubule- associated protein involved in microtubule aster assembly in 
mammalian mitotic extract. JRiol Chem. 279:34595-602. 
Hung, L. Y., H. L. Chen, C. W. Chang, B. R. Li and T. K. Tang. 2004. Identification 
of a novel microtubule-destabilizing motif in CPAP that binds to tubulin 
heterodimers and inhibits microtubule assembly. Mo! Biol Cell. 15:2697-706. 
Hung, L. Y., C. J. Tang and T. K. Tang. 2000. Protein 4.1 R-135 interacts with a 
novel centrosomal protein (CPAP) which is associated with the gamma-
tubulin complex. Mol Cell Biol. 20:7813-25. 
Hunter, A. W., M. Caplow, D. L. Coy, W. 0. Hancock, S. Diez, L. Wordeman and J. 
Howard. 2003. The kinesin-related protein MCAK is a microtubule 
depolymerase that forms an ATP-hydrolyzing complex at microtubule ends. 
Mo! Cell. 11:445-57. 
126 
Hussain, N. K., M. Yamabhai, A. L. Bhakar, M. Metzler, S. S. Ferguson, M. R. 
Hayden, P. S. McPherson and B. K. Kay. 2003. A role for epsin N-terminal 
homology/AP 180 N-terminal homology (ENTH/ANTH) domains in tubulin 
binding. JBiol Chem. 278:28823-30. 
Hyman, A. A., S. Salser, D. N. Drechsel, N. Unwin and T. J. Mitchison. 1992. Role 
of GTP hydrolysis in microtubule dynamics: information from a slowly 
hydrolyzable analogue, GMPCPP. Mol Biol Cell. 3:1155-67. 
Infante, C., F. Ramos-Morales, C. Fednani, M. Bornens and R. M. Rios. 1999. 
GMAP-210, A cis-Golgi network-associated protein, is a minus end 
microtubule-binding protein. J Cell Biol. 145:83-98. 
Inoue, Y. H., M. do Carmo Avides, M. Shiraki, P. Deak, M. Yamaguchi, Y. 
Nishimoto, A. Matsukage and D. M. Glover. 2000. Orbit, a novel 
microtubule-associated protein essential for mitosis in Drosophila 
melanogaster. J Cell Biol. 149:153-66. 
Jimbo, T., Y. Kawasaki, R. Koyama, R. Sato, S. Takada, K. Haraguchi and T. 
Akiyama. 2002. Identification of a link between the tumour suppressor APC 
and the kinesin superfamily. Nat Cell Biol. 4:323-7. 
Kellogg, D. R., C. M. Field and B. M. Alberts. 1989. Identification of microtubule-
associated proteins in the centrosome, spindle, and kinetochore of the early 
Drosophila embryo. J Cell Biol. 109:2977-91. 
Ketelaar, T., C. Voss, S. A. Dimmock, M. Thumm and P. J. Hussey. 2004. 
Arabidopsis homologues of the autophagy protein Atg8 are a novel family of 
microtubule binding proteins. FEBS Lett. 567:302-6. 
Kiger, A. A., B. Baum, S. Jones, M. R. Jones, A. Coulson, C. Echeverri and N. 
Perrimon. 2003. A functional genomic analysis of cell morphology using 
RNA interference. J Biol. 2:27. 
Kikkawa, M., T. Ishikawa, T. Nakata, T. Wakabayashi and N. Hirokawa. 1994. 
Direct visualization of the microtubule lattice seam both in vitro and in vivo. 
J Cell Biol. 127:1965-71. 
King, S. J. and T. A. Schroer. 2000. Dynactin increases the processivity of the 
cytoplasmic dynein. motor. Nat Cell Biol. 2:20-4. 
Kirschner, M. and T. Mitchison. 1986. Beyond self-assembly: from microtubules to 
morphogenesis. Cell. 45:329-42. 
Kirschner, M. W. 1978. Microtubule assembly and nucleation. mt Rev Cytol. 54:1-
71. 
Kodama, A., I. Karakesisoglou, E. Wong, A. Vaezi and E. Fuchs. 2003. ACF7: an 
essential integrator of microtubule dynamics. Cell. 115:343-54. 
Komarova, Y., G. Lansbergen, N. Galjart, F. Grosveld, G. G. Borisy and A. 
Akhmanova. 2005. EB 1 and E133 control CLIP dissociation from the ends of 
growing microtubules. Mol Biol Cell. 16:5334-45. 
Komarova, Y. A., A. S. Akhmanova, S. Kojima, N. Galjart and G. G. Borisy. 2002. 
Cytoplasmic linker proteins promote microtubule rescue in vivo. J Cell Biol. 
159:589-99. 
Kosco, K. A., C. G. Pearson, P. S. Maddox, P. J. Wang, I. R. Adams, E. D. Salmon, 
K. Bloom and T. C. Huffaker. 2001. Control of microtubule dynamics by 
Stu2p is essential for spindle orientation and metaphase chromosome 
alignment in yeast. Mol Biol Cell. 12:2870-80. 
127 
Kural, C., H. Kim, S. Syed, G. Goshima, V. I. Gelfand and P. R. Selvin. 2005. 
Kinesin and dynein move a peroxisome in vivo: a tug-of-war or coordinated 
movement? Science. 308:1469-72. 
Lansbergen, G., Y. Komarova, M. Modesti, C. Wyman, C. C. Hoogenraad, H. V. 
Goodson, R. P. Lemaitre, D. N. Drechsel, E. van Munster, T. W. Gadella, Jr., 
F. Grosveld, N. Gaijart, G. G. Borisy and A. Akhmanova. 2004. 
Conformational changes in CLIP- 170 regulate its binding to microtubules 
and dynactin localization. J Cell Biol. 166:1003-14. 
Lantz, V. A. and K. G. Miller. 1998. A class VI unconventional myosin is associated 
with a homologue of a microtubule-binding protein, cytoplasmic linker 
protein-170, in neurons and at the posterior pole of Drosophila embryos. J 
Cell Biol. 140:897-910. 
Laurent, C. E., F. J. Delfino, H. Y. Cheng and T. E. Smithgall. 2004. The human c-
Fes tyrosine kinase binds tubulin and microtubules through separate domains 
and promotes microtubule assembly. Mol Cell Biol. 24:9351-8. 
Lawrence, C. J., R. K. Dawe, K. R. Christie, D. W. Cleveland, S. C. Dawson, S. A. 
Endow, L. S. Goldstein, H. V. Goodson, N. Hirokawa, J. Howard, R. L. 
Malmberg, J. R. McIntosh, H. Miki, T. J. Mitchison, Y. Okada, A. S. Reddy, 
W. M. Saxton, M. Schliwa, J. M. Scholey, R. D. Vale, C. E. Walczak and L. 
Wordeman. 2004. A standardized kinesin nomenclature. J Cell Biol. 167:19-
22. 
Lee, C. Y., K. J. Robinson and C. Q. Doe. 2005. Lgl, Pins and aPKC regulate 
neuroblast self-renewal versus differentiation. Nature. 
Lee, Y. S. and R. W. Carthew. 2003. Making a better RNAi vector for Drosophila: 
use of intron spacers. Methods. 30:322-9. 
Leidel, S. and P. Gonczy. 2003. SAS-4 is essential for centrosome duplication in C 
elegans and is recruited to daughter centrioles once per cell cycle. Dev Cell. 
4:431-9. 
Ligon, L. A., S. S. Shelly, M. Tokito and E. L. Holzbaur. 2003. The microtubule 
plus-end proteins EB 1 and dynactin have differential effects on microtubule 
polymerization. Mol Biol Cell. 14:1405-17. 
Ligon, L. A., S. S. Shelly, M. K. Tokito and E. L. Holzbaur. 2006. Microtubule 
binding proteins CLIP- 170, EB 1, and p1 50(Glued) form distinct plus-end 
complexes. FEBS Lett. 
Lin, H., P. de Carvalho, D. Kho, C. Y. Tai, P. Pierre, G. R. Fink and D. Pellman. 
2001. Polyploids require Biki for kinetochore-microtubule attachment. J Cell 
Biol. 155:1173-84. 
Logarinho, E., H. Bousbaa, J. M. Dias, C. Lopes, I. Amorim, A. Antunes-Martins 
and C. E. Sunkel. 2004. Different spindle checkpoint proteins monitor 
microtubule attachment and tension at kinetochores in Drosophila cells. J 
Cell Sci. 117:1757-71. 
Lopez-Fanarraga, M., J. Avila, A. Guasch, M. Coll and J. C. Zabala. 2001. Review: 
postchaperonin tubulin folding cofactors and their role in microtubule 
dynamics. J Struct Biol. 135:219-29. 
Mack, G. J. and D. A. Compton. 2001. Analysis of mitotic microtubule-associated 
proteins using mass spectrometry identifies astrin, a spindle-associated 
protein. Proc Nati Acad Sci U S A. 98:14434-9. 
128 
MacNeal, R. K. and D. L. Punch. 1978. Stoichiometry and role of GTP hydrolysis in 
bovine neurotubule assembly. J Biol Chem. 253:4683-7. 
Maiato, H., E. A. Fairley, C. L. Rieder, J. R. Swedlow, C. E. Sunkel and W. C. 
Earnshaw. 2003. Human CLASP1 is an outer kinetochore component that 
regulates spindle microtubule dynamics. Cell. 113:891-904. 
Maiato, H., P. Sampaio, C. L. Lemos, J. Findlay, M. Carmena, W. C. Earnshaw and 
C. E. Sunkel. 2002. MAST/Orbit has a role in microtubule-kinetochore 
attachment and is essential for chromosome alignment and maintenance of 
spindle bipolarity. J Cell Biol. 157:749-60. 
Mãllik, R. and S. P. Gross. 2004. Molecular motors: strategies to get along. Curr 
Biol. 14:R971-82. 
Mallik, R., D. Petrov, S. A. Lex, S. J. King and S. P. Gross. 2005. Building 
complexity: an in vitro study of cytoplasmic dynein with in vivo implications. 
Curr Biol. 15:2075-85. 
Manabe, R., L. Whitmore, J. M. Weiss and A. R. Horwitz. 2002. Identification of a 
novel microtubule- associated protein that regulates microtubule organization 
and cytokinesis by using a GFP-screening strategy. Curr Biol. 12:1946-51. 
Mandelkow, E. M., R. Schultheiss, R. Rapp, M. Muller and E. Mandelkow. 1986. On 
the surface lattice of microtubules: helix starts, protofilament number, seam, 
and handedness. J Cell Biol. 102:1067-73. 
Martin, L., M. L. Fanarraga, K. Aloria and J. C. Zabala. 2000. Tubulin folding 
cofactor D is a microtubule destabilizing protein. FEBS Lett. 470:93-5. 
Matthies, H. J., H. B. McDonald, L. S. Goldstein and W. E. Theurkauf. 1996. 
Anastral meiotic spindle morphogenesis: role of the non-claret disjunctional 
kinesin-like protein. J Cell Biol. 134:455-64. 
McNally, F. J. 1996. Modulation of microtubule dynamics during the cell cycle. 
Curr Opin Cell Biol. 8:23-9. 
Megraw, T. L., L. R. Kao and T. C. Kaufman. 2001. Zygotic development without 
functional mitotic centrosomes. Curr Biol. 11:116-20. 
Mejillano, M. R., J. S. Barton and R. H. Himes. 1990. Stabilization of microtubules 
by GTP analogues. Biochem Biophys Res Commun. 166:653-60. 
Mennella, V., G. C. Rogers, S. L. Rogers, D. W. Buster, R. D. Vale and D. J. Sharp. 
2005. Functionally distinct kinesin-13 family members cooperate to regulate 
microtubule dynamics during interphase. Nat Cell Biol. 7:235-45. 
Meraldi, P., V. M. Draviam and P. K. Sorger. 2004. Timing and checkpoints in the 
regulation of mitotic progression. Dev Cell. 7:45-60. 
Mickey, B. and J. Howard. 1995. Rigidity of microtubules is increased by stabilizing 
agents. J Cell Biol. 130:909-17. 
Miki, H., Y. Okada and N. Hirokawa. 2005. Analysis of the kinesin superfamily: 
insights into structure and function. Trends Cell Biol. 15:467-76. 
Mimori-Kiyosue, Y., I. Grigoriev, G. Lansbergen, H. Sasaki, C. Matsui, F. Severin, 
N. Galjart, F. Grosveld, I. Vorobjev, S. Tsukita and A. Akhmanova. 2005. 
CLASP 1 and CLASP2 bind to EB 1 and regulate microtubule plus-end 
dynamics at the cell cortex. J Cell Biol. 168:141-53. 
Mimori-Kiyosue, Y., N. Shiina and S. Tsukita. 2000. The dynamic behavior of the 
APC-binding protein EB1 on the distal ends of microtubules. Curr Biol. 
10:865-8. 
129 
Mitchison, T. and M. Kirschner. 1984a. Dynamic instability of microtubule growth. 
Nature. 312:237-42. 
Mitchison, T. and M. Kirschner. 1984b. Microtubule assembly nucleated by isolated 
centrosomes. Nature. 312:232-7. 
Mitchison, T. J. 1993. Localization of an exchangeable GTP binding site at the plus 
end of microtubules. Science. .261:1044-7. 
Molodtsov, M. I., E. L. Grishchuk, A. K. Efremov, J. R. McIntosh and F. I. 
Ataullakhanov. 2005. Force production by depolymerizing microtubules: a 
theoretical study. Proc Natl Acad Sci U S A. 102:4353-8. 
Morales-Mulia, S. and J. M. Scholey. 2005. Spindle pole organization in Drosophila 
S2 cells by dynein, abnormal spindle protein (Asp), and KLP1OA. Mol Biol 
Cell. 16:3176-86. 
Munemitsu, S., B. Souza, 0. Muller, I. Albert, B. Rubinfeld and P. Polakis. 1994. 
The APC gene product associates with microtubules in vivo and promotes 
their assembly in vitro. Cancer Res. 54:3676-81. 
Murphy, D. B. and G. G. Borisy. 1975. Association of high-molecular-weight 
proteins with microtubules and their role in microtubule assembly in vitro. 
Proc NatI Acad Sci U S A. 72:2696-700. 
Nakamura, M., X. Z. Zhou and K. P. Lu. 2001. Critical role for the EB1 and APC 
interaction in the regulation of microtübule polymerization. Curr Biol. 
11:1062-7. 
Oiwa, K. and H. Sakakibara. 2005. Recent progress in dynein structure and 
mechanism. Curr Opin Cell Biol. 17:98-103. 
Panda, D., H. P. Miller and L. Wilson. 2002. Determination of the size and chemical 
nature of the stabilizing 'cap" at microtubule ends using modulators of 
polymerization dynamics. Biochemistry. 41:1609-17. 
Paschal, B. M. and R. B. Vallee. 1987. Retrograde transport by the microtubule-
associated protein MAP 1C. Nature. 330:181-3. 
Patra, D., S. X. Wang, A. Kumagai and W. G. Dunphy. 1999. The xenopus Sucl/Cks 
protein promotes the phosphorylation of 6(2)/M regulators. J Biol Chem. 
274:36839-42. 
Pazour, G. J., B. L. Dickert and G. B. Witman. 1999. The DHC1b (DHC2) isoform 
of cytoplasmic dynein is required for flagellar assembly. J Cell Biol. 
144:473-81. 
Pearson, N. J., C. F. Cullen, N. S. Dzhindzhev and H. Ohkura. 2005. A pre-anaphase 
role for a Cks/Sucl in acentrosomal spindle formation of Drosophila female 
meiosis. EMBO Rep. 
Pedrotti, B. and K. Islam. 1994. Purified native microtubule associated protein 
MAP1A: kinetics of microtubule assembly and MAP 1A/tubulin 
stoichiometry. Biochemistry. 33:12463-70. 
Perez, F., G. S. Diamantopoulos, R. Stalder and T. E. Kreis. 1999. CLIP-170 
highlights growing microtubule ends in vivo. Cell. 96:517-27. 
Petritsch, C., G. Tavosanis, C. W. Turck, L. Y. Jan and Y. N. Jan. 2003. The 
Drosophila myosin VI Jaguar is required for basal protein targeting and 
correct spindle orientation in mitotic neuroblasts. Dev Cell. 4:273-8 1. 
Pierre, P., J. Scheel, J. E. Rickard and T. E. Kreis. 1992. CLIP-170 links endocytic 
vesicles to microtubules. Cell. 70:887-900. 
130 
Porter, M. E., R. Bower, J. A. Knott, P. Byrd and W. Dentler. 1999. Cytoplasmic 
dynein heavy chain lb is required for flagellar assembly in Chiamydomonas. 
Mol Biol Cell. 10:693-712. 
Ren, Y., J. Zhao and J. Feng. 2003. Parkin binds to alpha/beta tubulin and increases 
their ubiquitination and degradation. J Neurosci. 23:3316-24. 
Rickard, J. E. and T. E. Kreis. 1990. Identification of a novel nucleotide-sensitive 
microtubule-binding protein in HeLa cells. J Cell Biol. 110:1623-33. 
Rickard, J. E. and T. E. Kreis. 1991. Binding of ppl70 to microtubules is regulated 
by phosphorylation. JBiol Chem. 266:17597-605. 
Riehemann, K. and C. Sorg. 1993. Sequence homologies between four cytoskeleton-
associated proteins. Trends Biochem Sci. 18:82-3. 
Rogers, G. C., S. L. Rogers, T. A. Schwimmer, S. C. Ems-McClung, C. E. Walczak, 
R. D. Vale, J. M. Scholey and D. J. Sharp. 2004. Two mitotic kinesins 
cooperate to drive sister chromatid separation during anaphase. Nature. 
427:364-70. 
Rogers, S. L., G. C. Rogers, D. J. Sharp and R. D. Vale. 2002. Drosophila EB1 is 
important for proper assembly, dynamics, and positioning of the mitotic 
spindle. J Cell Biol. 15 8:873-84. 
Roseman, R. R., E. A. Johnson, C. K. Rodesch, M. Bjerke, R. N. Nagoshi and P. K. 
Geyer. 1995. A P element containing suppressor of hairy-wing binding 
regions has novel properties for mutagenesis in Drosophila melanogaster. 
Genetics. 141:1061-74. 
Ryder, E., F. Blows, M. Ashburner, R. Bautista-Liacer, D. Coulson, J. Drummond, J. 
Webster, D. Gubb, N. Gunton, G. Johnson, C. J. OKane, D. Huen, P. 
Sharma, Z. Asztalos, H. Baisch, J. Schulze, M. Kube, K. Kittlaus, G. Reuter, 
P. Maroy, J. Szidonya, A. Rasmuson-Lestander, K. Ekstrom, B. Dickson, C. 
Hugentobler, H. Stocker, E. Hafen, J. A. Lepesant, G. Pflugfelder, M. 
Heisenberg, B. Mechier, F. Serras, M. Corominas, S. Schneuwly, T. Preat, J. 
Roote and S. Russell. 2004. The DrosDel collection: a set of P-element 
insertions for generating custom chromosomal aberrations in Drosophila 
melanogaster. Genetics. 167:797-813. 
Sambrook, J., B. F. Fritsch and T. Maniatis. 1989. Molecular cloning: a laboratory 
manual. Cold Spring Harbour Press, New York. 
Sammak, P. J. and G. G. Borisy. 1988. Direct observation of microtubule dynamics 
in living cells. Nature. 332:724-6. 
Sapir, T., M. Elbaum and 0. Reiner. 1997. Reduction of microtubule catastrophe 
events by LIS 1, platelet-activating factor acetylhydrolase subunit. Embo J. 
16:6977-84. 
Savoian, M. S., M. K. Gatt, M. G. Riparbelli, G. Callaini and D. M. Glover. 2004. 
Drosophila K1p67A is required for proper chromosome congression and 
segregation during meiosis I. J Cell Sci. 117:3669-77. 
Saxton, W. M. 2001. Microtubules, motors, and mRNA localization mechanisms: 
watching fluorescent messages move. Cell. 107:707-10. 
Scaerou, F., I. Aguilera, R. Saunders, N. Kane, L. Blottiere and R. Karess. 1999. The 
rough deal protein is a new kinetochore component required for accurate 
chromosome segregation in Drosophila. J Cell Sci. 112 (Pt 21):3757-68. 
131 
Scheel, J., P. Pierre, J. E. Rickard, G. S. Diamantopoulos, C. Valetti, F. G. van der 
Goot, M. Harter, U. Aebi and T. E. Kreis. 1999. Purification and analysis of 
authentic CLIP-170 and recombinant fragments. JBiol Chem. 274:25883-91. 
Schuyler, S. C. and D. Peilman. 2001. Microtubule "plus-end-tracking proteins": The 
end is just the beginning. Cell. 105:421-4. 
Sheeman, B., P. Carvaiho, I. Sagot, J. Geiser, D. Kho, M. A. Hoyt and D. Peliman. 
2003. Determinants of S. cerevisiae dynein localization and activation: 
implications for the mechanism of spindle positioning. Curr Biol. 13:364-72. 
Shimizu, T. 1995. Inhibitors of the dynein ATPase and ciliary or flagellar motility. 
Methods Cell Biol. 47:497-50 1. 
Shirasu-Hiza, M., P. Coughlin and T. Mitchison. 2003. Identification of XMAP215 
as a microtubule-destabilizing factor in Xenopus egg extract by biochemical 
purification. J Cell. Biol. 161:349-58. 
Siegrist, S. E. and C. Q. Doe. 2005. Microtubule- induced pins/galphai cortical 
polarity in Drosophila neuroblasts. Cell. 123:1323-35. 
Siller, K. H., M. Sen, R. Steward, T. S. Hays and C. Q. Doe. 2005. Live imaging of 
Drosophila brain neuroblasts reveals a role for Lis i/dynactin in spindle 
assembly and mitotic checkpoint control. Mol Biol Cell. 16:5127-40. 
Sisson, J. C., C. Field, R. Ventura, A. Royou and W. Sullivan. 2000. Lava lamp, a 
novel peripheral golgi protein, is required for Drosophila melanogaster 
cellularization. J Cell Biol. 151:905-18. 
Smith, D. E. and P. A; Fisher. 1984. Identification, developmental regulation, and 
response to heat shock of two antigenically related forms of a major nuclear 
envelope protein in Drosophila embryos: application of an improved method 
for affinity purification of antibodies using polypeptides immobilized on 
nitrocellulose blots. J Cell Biol. 99:20-8. 
Solomon, F., M. Magendantz and A. Salzman. 1979. Identification with cellular 
microtubules of one of the co-assemibing microtubule-associated proteins. 
Cell. 18:431-8. 
Song, Y. H. and E. Mandelkow. 1993. Recombinant kinesin motor domain binds to 
beta-tubulin and decorates microtubules with a B surface lattice. Proc NatI 
AcadSci USA. 90:1671-5. 
Spruck, C., H. Strohmaier, M. Watson, A. P. Smith, A. Ryan, T. W. Krek and S. I. 
Reed. 2001. A CDK-independent function of mammalian Cksl: targeting of 
SCF(Skp2) to the CDK inhibitor p27Kipl. Mol Cell. 7:639-50. 
Srayko, M., A. Kaya, J. Stamford and A. A. Hyman. 2005. Identification and 
characterization of factors required for microtubule growth and nucleation in 
the early C. elegans embryo. Dev Cell. 9:223-36. 
Stapleton, M., J. Carlson, P. Brokstein, C. Yu, M. Champe, R. George, H. Guarin, B. 
Kronmiller, J. Pacleb, S. Park, K. Wan, G. M. Rubin and S. E. Celniker. 
2002. A Drosophila full-length cDNA resource. Genome Biol. 
3 :RESEARCHOO8O. 
Starr, D. A., B. C. Williams, T. S. Hays and M. L. Goldberg. 1998. ZW1O helps 
recruit dynactin and dynein to the kinetochore. J Cell Biol. 142:763-74. 
Straight, A. F., J. W. Sedat and A. W. Murray. 1998. Time-lapse microscopy reveals 
unique roles for kinesins during anaphase in budding yeast. J Cell Biol. 
143:687-94. 
132 
Sunkel, C. E. and D. M. Glover. 1988. polo, a mitotic mutant of Drosophila 
displaying abnormal spindle poles. J Cell Sci. 89 (Pt 1):25-38. 
Svoboda, K. and S. M. Block. 1994. Force and velocity measured for single kinesin 
molecules. Cell. 77:773-84. 
Swan, A., G. Barcelo and T. Schupbach. 2005. Drosophila Cks30A interacts with 
Cdk 1 to target Cyclin A for destruction in the female germline. Development. 
132:3669-78. 
Szymanski, D. 2002. Tubulin folding cofactors: half a dozen for a dimer. Curr Biol. 
12:R767-9. 
Tai, C. Y., D. L. Dujardin, N. E. Faulkner and R. B. Vallee. 2002. Role of dynein, 
dynactin, and CLIP- 170 interactions in LIS 1 kinetochore function. J Cell 
Biol. 156:959-68. 
Takenaka, K., H. Nakagawa, S. Miyamoto and H. Miki. 2004. The pre-mRNA-
splicing factor SF3a66 functions as a microtubule-binding and -bundling 
protein. Biochem J. 382:223-30. 
Takizawa, N., D. J. Schmidt, K. Mabuchi, E. Villa-Moruzzi, R. A. Tuft and M. 
Ikebe. 2003. M20, the small subunit of PP1M, binds to microtubules. Am J 
Physiol Cell Physiol. 284:C250-62. 
Tanackovic, G. and A. Kramer. 2005. Human splicing factor SF3a, but not SF1, is 
essential for pre-mRNA splicing in vivo. MolBiol Cell. 16:1366-77. 
Tarsounas ; M., R. E. Pearlman and P. B. Moens. 2001. CLIP-SO immunolocalization 
during mouse spermiogenesis suggests a role in shaping the sperm nucleus. 
Dev Biol. 236:400-10. 
Tirnauer, J. S., J. C. Canman, E. D. Salmon and T. J. Mitchison. 2002a. EB1 targets 
to kinetochores with attached, polymerizing microtubules. Mol Biol Cell. 
13:4308-16. 
Tirnauer, J. S., S. Grego, E. D. Salmon and T. J. Mitchison. 2002b. EB 1 -microtubule 
interactions in Xenopus egg extracts: role of EB 1 in microtubule stabilization 
and mechanisms of targeting to microtubules. MolBiol Cell. 13:3614-26. 
Tirnauer, J. S., B. O'Toole, L. Berrueta, B. B. Bierer and D. Peliman. 1999. Yeast 
Bimip promotes the GI-specific dynamics of microtubules. J Cell Biol. 
145:993-1007. 
Tournebize, R., A. Popov, K. Kinoshita, A. J. Ashford, S. Rybina, A. Pozniakovsky, 
T. U. Mayer, C. E. Walczak, E. Karsenti and A. A. Hyman. 2000. Control of 
microtubule dynamics by the antagonistic activities of XMAP215 and 
XKCM1 in Xenopus egg extracts. Nat Cell Biol. 2:13-9. 
Tran, P. T., P. Joshi and E. D. Salmon. 1997. How tubulin subunits are lost from the 
shortening ends of microtubules. J Struct Biol. 118:107-18. 
Vale, R. D. 2003. The molecular motor toolbox for intracellular transport. Cell. 
112:467:80. 
Vale, R. D., C. M. Coppin, F. Malik, F. J. Kull and R. A. Milligan. 1994. Tubulin 
GTP hydrolysis influences the structure, mechanical properties, and kinesin-
driven transport of microtubules. J Biol Chem. 269:23769-75. 
Vale, R. D., T. S. Reese and M. P. Sheetz. 1985. Identification of a novel force-
generating protein, kinesin, involved in microtubule-based motility. Cell. 
42:39-50. 
Vallee, R. B. 1982. A taxol-dependent procedure for the isolation of microtubules 
and microtubule- associated proteins (MAPs). J Cell Biol. 92:435-42. 
133 
Vallee, R. B. and G. S. Bloom. 1983. Isolation of sea urchin egg microtubules with 
taxol and identification of mitotic spindle microtubule- associated proteins 
with monoclonal antibodies. Proc Nati Acad Sci U S A. 80:6259-63. 
van Breugel, M., D. Drechsel and A. Hyman. 2003. Stu2p, the budding yeast 
member of the conserved Disl/XMAP215 family of microtubule-associated 
proteins is a plus end-binding microtubule destabilizer. J Cell Biol. 161:359-
69. 
Vasquez, R. J., D. L. Gard and L. Cassimeris. 1994. XMAP from Xenopus eggs 
promotes rapid plus end assembly of microtubules and rapid microtubule 
polymer turnover. J Cell Biol. 127:985-93. 
Vaughan, P. S., P. Miura, M. Henderson, B. Byrne and K. T. Vaughan. 2002. A role 
for regulated binding of p150(Glued) to microtubule plus ends in organelle 
transport. J Cell Biol. 158:305-19. 
Walczak, C. E., T. J. Mitchison and A. Desai. 1996. XKCM1: a Xenopus kinesin-
related protein that regulates microtubule dynamics during mitotic spindle 
assembly. Cell. 84:37-47. 
Walenta, J. H., A. J. Didier, X. Liu and H. Kramer. 2001. The Golgi-associated 
hook3 protein is a member of a novel family of microtubule-binding proteins. 
J Cell Biol. 152:923-34. 
Walker, R. A., E. T. O'Brien, N. K. Pryer, M. F. Soboeiro, W. A. Voter, H. P. 
Erickson and E. D. Salmon. 1988. Dynamic instability of individual 
microtubules analyzed by video light microscopy: rate constants and 
transition frequencies. J Cell Biol. 107:1437-48. 
Wang, Z., H. Wei, Y. Yu, J. Sun, Y. Yang, G. Xing, S. Wu, Y. Zhou, Y. Zhu, C. 
Zhang, T. Zhou, X. Zhao, Q. Sun and F. He. 2004. Characterization of Ceap-
11 and Ceap-16, two novel splicing-variant-proteins, associated with 
centrosome, microtubule aggregation and cell proliferation. J Mol Biol. 
343:71-82. 
Weber, K. L., A. M. Sokac, J. S. Berg, R. E. Cheney and W. M. Bement. 2004. A 
microtubule-binding myosin required for nuclear anchoring and spindle 
assembly. Nature. 431:325-9. 
Weisenberg, R. C., G. G. Borisy and E. W. Taylor. 1968. The coichicine-binding 
protein of mammalian brain and its relation to microtubules. Biochemistry. 
7:4466-79. 
Wen, Y., C. H. Eng, J. Schmoranzer, N. Cabrera-Poch, E. J. Morris, M. Chen, B. J. 
Wallar, A. S. Alberts and G. G. Gundersen. 2004. EB 1 and APC bind to 
mDia to stabilize microtubules downstream of Rho and promote cell 
migration. Nat Cell Biol. 6:820-30. 
Wieland, G., S. Orthaus, S. Ohndorf, S. Diekmann and P. Hemmerich. 2004. 
Functional complementation of human centromere protein A (CENP-A) by 
Cse4p from Saccharomyces cerevisiae. Mol Cell Biol. 24:6620-30. 
Wignall, S. M., N. S. Gray, Y. T. Chang, L. Juarez, R. Jacob, A. Burlingame, P. G. 
Schultz and R. Heald. 2004. Identification of a novel protein regulating 
microtubule stability through a chemical approach. Chem Biol. 11:135-46. 
Yarm, F. R. 2002. P1k phosphorylation regulates the microtub ule- stabilizing protein 
TCTP. Mo! Cell Biol. 22:6209-21. 
134 
Zumbrunn, J., K. Kinoshita, A. A. Hyman and I. S. Nathke. 2001. Binding of the 
adenomatous polyposis coli protein to microtubules increases microtubule 




Distinct mechanisms govern the localisation of 
Drosophila CLIP-190 to unattached kinetochores and 
microtubule plus-ends 
Nikola S. Dzhindzhev 1 , Stephen L. Rogers2*,  Ronald D. Vale  and Hiroyuki Ohkura"t 
'The Wellcome Trust Centre for Cell Biology, Institute of Cell Biology, School of Biological Sciences, The University of Edinburgh, Edinburgh, 
EH9 3JR, UK 
2The Howard Hughes Medical Institute and Department of Cellular and Molecular Pharmacology, University of California, San Francisco, CA 
94143, USA 
*Present address: Department of Biology & Carolina Center for Genome Sciences, University of North Carolina at Chapel Hill, Campus Box 3280, 241 Coker Hall, Chapel Hill, NC 
27599-3280, USA 
rAuthor for correspondence (e-mail: h.ohkura@ed.ac.uk)  
Accepted 9 May 2005 
Journal of Cell Science 118, 3781-3790 Published by The Company of Biologists 2005 
doi: 10. 1242/jcs.02504 
Summary 
CLIP-170 was the first microtubule plus-end-tracking 
protein to be described, and is implicated in the regulation 
of microtubule plus-ends and their interaction with other 
cellular structures. Here, we have studied the cell-cycle-
dependent mechanisms which localise the sole Drosophila 
inelanogaster homologue CLIP-190. During mitosis, CLIP-
190 localises to unattached kinetochores independently of 
spindle-checkpoint activation. This localisation depends on 
the dynein-dynactin complex and Lisi which also localise 
to unattached kinetochores. Further analysis revealed a 
hierarchical dependency between the proteins with respect 
to their kinetochore localisation. An inhibitor study also 
suggested that the motor activity of dynein is required for 
the removal of CLIP-190 from attached kinetochores. In 
addition, we found that CLIP-190 association to 
microtubule plus-ends is regulated during the cell cycle. 
Microtubule plus-end association is strong in interphase 
and greatly attenuated during mitosis. Another 
microtubule plus-end tracking protein, EB1, directly 
interacts with the CAP-Gly domain of CLIP-190 and is 
required to localise CLIP-190 at microtubule plus-ends. 
These results indicate distinct molecular requirements for 
CLIP-190 localisation to unattached kinetochores in 
mitosis and microtubule ends in interphase. 
Supplementary material available online at 
http://jcs.biologists.org/cgi/content/full/l  18/16/3781/DC I 
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Introduction 
The microtubule cytoskeleton in eukaryotes is essential for 
different cellular processes, such as cell migration, cell 
architecture, organelle transport and chromosome segregation. 
This diversity of functions is made possible by the ability of 
microtubules to alter their organisation in different cell types. 
Microtubules are dynamic polymers of tubulin dimers with 
intrinsic polarity. The minus-end is less dynamic and is 
generally anchored to microtubule organising centres 
(MTOCs). By contrast, the plus-end is very dynamic and 
interacts selectively with other cellular structures, such as 
kinetochores and regions of the cell cortex. The interactions 
and dynamics of microtubule plus-ends must be precisely 
regulated to achieve the correct configuration of microtubule 
arrays. Microtubule associated proteins (MAPs), both motor 
and non-motor, are considered to be the primary regulators of 
microtubule dynamics and organisation. 
In the last decade or so, a new special group of MAPs has 
emerged as crucial regulators of microtubule plus-ends. These 
MAPs were collectively called microtubule plus-end-tracking 
proteins, based on their preferential localisation to growing 
microtubule plus-ends (Schuyler and Peliman, 2001). CLIP- 170 
was the first MAP to be described with this property (Perez et  
al., 1999) and is well conserved among yeast and animals 
(Pierre et al., 1992; Lantz and Miller, 1998; Brunner and Nurse, 
2000). Consistent with its localisation, CLIP-170 is implicated 
in binding endocytic vesicles to microtubules (Pierre et al., 
1992), regulating microtubule dynamics (Brunner and Nurse, 
2000; Komarova et al., 2002), kinetochore function (Dujardin 
et al., 1998; Lin et al., 2001; Coquelle et al., 2002; Tai et al., 
2002), and the linkage between microtubules and the cell cortex 
(Brunner and Nurse, 2000; Akhmanova et al., 2001; Fukata et 
al., 2002). More families of microtubule-tracking proteins have 
now been reported, most notably EB 1 that has no sequence 
similarity to CLIP-170 (Mimori-Kiyosue et al., 2000). 
Plus-end-tracking by specific MAPs is thought to derive 
from a higher affinity for growing plus-ends relative to the 
microtubule lattice (Carvalho et al., 2003; Galjart and Perez, 
2003). Recent studies in yeast homologues have suggested an 
alternative - but not exclusive - mechanism, which utilises a 
plus-end directed microtubule motor (Browning et al., 2003; 
Busch et al., 2004; Carvatho et al., 2004). In fission yeast, the 
EB1 homologue is involved in plus-end localisation of the 
CLIP-170 homologue (Busch and Brunner, 2004). In higher 
eukaryotes the involvement of similar mechanisms has not 
been demonstrated. 
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Kinetochore localisation of CLIP-170 in mitosis has been 
shown in higher eukaryotes (Dujardin et al., 1998; Maiato et 
al., 2002) and in budding yeast (Lin et al., 2001). Involvement 
of dynein-dynactin and Lisi in this localisation was 
demonstrated using overexpression of dominant negative 
proteins (Dujardin et al., 1998; Coquelle et al., 2002; Tai et al., 
2002). These studies revealed a direct interaction between Lisi 
and CLIP-170, and a dependency of CLIP-170 kinetochore 
localisation on Lisi and the dynein-dynactin complex, but not 
vice versa. Interestingly, all these molecules have also been 
shown to be involved in microtubule—cell-cortex interactions 
(Dujardin and Vallee, 2002) and even to cooperate in this 
process (Sheeman et al., 2003). 
The Drosophila genome contains only one CLIP-170 
homologue, Drosophila CLIP-190 (D-CLIP- 190) (Lantz and 
Miller, 1998). This is in contrast to mammalian genomes, 
which contain multiple paralogues of CLIP-170. Therefore, 
Drosophila is a good system to study the role and regulation 
of the CLIP family of proteins. CLIP-190 was originally 
identified as a protein that binds to myosin VI (Lantz and 
Miller, 1998), and was later shown to localise to kinetochores 
(Maiato et al., 2002). Here, we focus on the cell-cycle 
regulation of CLIP-190 in Drosophila cell culture and show 
that it localises to microtubule plus-ends in interphase and 
unattached kinetochores in mitosis. Systematic RNAi depletion 
of potential regulators uncovered distinct mechanisms 
governing cell-cycle-regulated localisation of CLIP-190. 
Materials and Methods 
Molecular and protein techniques 
Standard DNA manipulation and protein techniques were used 
(Harlow and Lane, 1988; Sambrook et al., 1989). Subregions of CLIP-
190 cDNA were cloned into bacterial expression vector pGEX4T-3 
(Pharmacia) to express GST-CLIP-190-N, GST-CLIP-190-cc and 
GST-CLIP-190-C which contain amino acids 1-405, 851-1468 and 
1280-1690, respectively. A plasmid expressing full-length EB I fused 
with MBP was generously provided by Anne Davidson in our 
laboratory (Edinburgh, UK). Physical interaction between CLIP-190 
and EBI was examined as follows. Sub-domains of CLIP-l90 fused 
with GST and GST alone were expressed in bacteria, lysed in PBS 
containing protease inhibitors Complete EDTA-free (Roche) + 1 mM 
phenyl methyl sulfonyl fluoride (PMSF)] and purified with 
glutathione agarose beads (Pharmacia) after the addition of TritonX-
100 to 1% final concentration. The beads were divided into two 
portions and each portion was incubated overnight at 4°C with 
bacterial lysates (in PBS, inhibitors, 0.1% Triton), containing either 
MBP or MBP-EB I—expressed proteins. After extensive washing in 
PBS containing 0.1% Triton, both portions of beads were boiled in 
sample buffer for analysis by SDS PAGE and immunoblotting. 
An antibody against GST-CLIP- 190-cc was raised in sheep, and 
one against GST-CLIP-190-C in rabbit by Diagnostics Scotland 
(Midlothian, UK). Affinity purification was performed by incubation 
with the respective antigen bound to nitrocellulose membrane (Smith 
and Fisher, 1984). 
Cell culture and RNA interference 
Drosophila Schneider S2 cells were cultured and RNA interference 
(RNAi) was performed according to published methods (Clemens et 
al., 2000; Rogers et al., 2002). Double-stranded RNAs (dsRNAs) for 
RNAi were produced by in vitro transcription using the Megascript-
T7 kit (Ambion). Templates were made in two rounds of PCR as 
follows: about 600 bp within an exon of the target gene was first 
amplified from genomic DNA or eDNA using gene specific primers 
with 5'-overhangs of the last 18 nucleotides from the minimum T7 
promoter sequence (27 bp), and then further amplified using a primer 
comprising the full 17 promotor sequence (see supplementary 
material Fig. SI). dsRNA corresponding to 780 bp of the 3-lactamase 
gene was used as a control RNAi. Primer sequences are shown in 
supplementary material Fig. Si. Colchicine (6 1g/ml final 
concentration; Sigma) or sodium ortho-vanadate (100 p.M; final 
concentration; Sigma) was added to the culture medium and cells were 
incubated overnight or for 4 hours, respectively, prior to fixation. 
Immunofluorescence microscopy 
For immunostaining, S2 cells were cultured on a concanavalin A 
(conA)- coated coverslip for a minimum of 2 hours with the 
appropriate drug (see above) and fixed with 90% methanol, 3% 
formaldehyde, 5 mM NaHC0 1 pH 9 at —80°C as described (Rogers 
et al., 2002). Antibodies against c-tubulin (DM IA, 1:200, Sigma), 
Drosophila EBI (Elliott et al., 2005). Dic (MABI6I8. Chemicon; 
1:50), Rod (BE40, a kind gift from R. Karess, CNRS, Paris (Scaerou 
et al., 1999) and BubRI (a kind gift from C. Sunkel, University of 
Porto, Porto) (Logarinho et al., 2004) were used as primary antibodies. 
Rabbit anti-histone-l-13-phosphate (06-570, Upstate; 1:500) and 
affinity purified sheep-anti-CLIP-190cc (this study; 1:50) were also 
used as primary antibodies. Secondary antibodies, conjugated with 
Alexa Flour488, Cy3 or CyS (Molecular Probes or Jackson Lab) and 
DAPI (Sigma) were used in 1:200, 1:1000 and 1:200 dilution, 
respectively. DAPI (Sigma) was used at 0.4 p.g/p.1. Images were taken 
with an Axioplan 2 microscope (Zeiss) attached to a CCD camera 
(Hamamatsu) controlled by OpenLab 2.2. I software (Improvision) 
and were processed with Photoshop (Adobe). The relative plus-end 
signal for EBI and CLIP-190 was calculated using the formula 
(S—B)—, B, where S is the average pixel intensity for a particular plus-
end signal and B is the average pixel intensity of the local background. 
Since the shape of EB I comets was variable, we hand-drew the area, 
tightly surrounding each comet. The local background was also 
measured by hand-drawn areas on both sides of each comet. The 
formula (S—B)—* B was used to compensate for differences in exposure 
and variations in brightness. A minimum of ten plus-end signals were 
measured in at least three separate cells for each cell-cycle stage. 
Measurements were made using OpenLab 2.2.1 (Improvision). 
Results 
Cell-cycle-dependent localisation of CLIP-190 
To investigate cellular localisation of CLIP-190 in detail, 
we used Drosophila S2 cells spread on conA-treated 
coverslips (Rogers et al., 2002), which allowed us to resolve 
individual microtubule ends. We raised antibodies against 
two parts of CLIP-190 in rabbits and used these for 
immunostaining of S2 cells together with a tubulin antibody. 
Both CLIP-190 antibodies, but not the preimmune sera, gave 
the same results. 
After growing on a conA-coated surface, S2 cells spread and 
flatten, with interphase or astral microtubules extending 
towards the cell periphery. During interphase, CLIP-190 
mainly accumulated at microtubule plus-ends but also localised 
weakly along microtubules (Fig. 1A,B). Accumulation of 
CLIP-190 at the microtubule plus-ends was variable both in 
intensity and length, which may reflect a difference in 
microtubule dynamics. The results indicate that CLIP- 190, like 
all CLIP-170 homologues, is a microtubule plus-end-binding 
protein during interphase. 
In prometaphase, CLIP-190 was observed as multiple foci 
CLIP-i 90 	DNA 
F ; 
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Fit. I. IcINtri 	i ( I 11' 190 ill tic ceI 	IL 	5_ LIk \cic 
iii iin.iaiitd s ith Clii-'- 190 and s- tuhultn antihodie',. l)NA ssas 
countcrstained with I)API. (A) In interphase cells. CLIP- 190 is 
mainly localised to microtuhule plus-ends. (B) Magnilied view of the 
region niarked by the rectangle in A. Three arrowheads indicate the 
variation in CLIP- I 9() localisation at microtuhule ph -ends.which 
may reflect differences in microtuhule dynamics. (C) In 
prometaphase. CLIP- 190 is localised to kinetochores. (D) In 
metaphase. CLIP-19() disappears from kinetochores although it still 
associates weakly with spindle microtuhitles. Bar-,. 10 p.m. 
on chromosomes (Fig. IC). These foci were never seen before 
nuclear-envelope breakdown. To test whether these foci 
corresponded to kinetochores, we double-stained S2 cells with 
an antibody against a known kinetochore protein. BubRi (Fig. 
2A). CLIP-190 colocalised with BubRi on the primary 
constriction of some chromosomes, indicating that CLIP-190 
is localised to kinetochores. Consistent with previous reports 
in mammalian and Drosophila cells (Dujardin ci al.. 1998: 
Maiato et al.. 2002), kinetochore localisation of CLIP- 190 was 
I , h-, . 2. 1 	 Ill- Th 	attached kitictochojes. S2 cells 
o cue i mmunostained without (A.0 on alter B ncuhatioii 's ith 
colchicine. The right panels show magnified images of the regions 
marked with squares in the left panels. (A) Kinetochore localisation 
of CLIP- 190. Staining Of CLIP- 190 overlaps with the one of BuhRl, 
a known kinetochore protein. (B) Microtuhule-independent 
localisation of CLIP- 190 to kinetochores. C[.IP- 190 and BuhR I both 
localise to primary constrictions of all chromosomes in the absence 
of microtuhules. Note that CLIP- I 90 localises to the outer regions of 
kinetochores relative to BuhR I. (C) Localisation of CLIP- 190 to 
unattached kinetochores. Chromosomes were visitalised with an 
antibody against phosphorvlated histone HI Only one of the sister 
kinetochores. the one facing away from the pole. has CLIP-190. 
Bars. 10 p.m. 
not observed in metaphase or later stages of mitosis (Fig. JD). 
Interestingly, during mitosis. CLIP-190 only weakly localised 
to plus-ends of astral microtubules and to spindle microtubules 
(see below). 
In summary, CLIP-190 shows cell-cycle-dependent 
localisation to microtubule plus-ends in interphase and 
kinetochores in early mitosis. We describe the molecular 
mechanisms involved in localising CLIP-190 in mitosis and 
interphase below. 
CLIP-190 is localised to unattached kinetochores 
To further study kinetochore localisation of CLIP-190. we 
examined mitotic cells that only had some chromosomes 
aligned at the metaphase plate. CLIP-190 localised to 
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kinetochores of unaligned chromosomes, but was generally 
absent from aligned chromosomes (Fig. 2A.C). In many cases. 
CLIP- 190 localised only to one sister kinetochore facing away 
from the poles, suggesting that microtubule attachment, not 
tension, is crucial for the loss of CLIP-190 (Fig. 2C). To 
examine the microtubule requirement for kinetochore 
localisation. S2 cells were incubated with the microtubule-
depolymerising drug colchicine. Complete depolymensation 
of microtubules resulted in the accumulation of S2 cells in 
mitosis. In these mitotically arrested cells, all kinetochores 
accumulated CLIP-190 signals (Fig. 213). indicating that CLIP-
190 localisation to unattached kinetochores is microtubule 
independent. Close inspection of the images indicated that 
CLIP-190 is localised outside BubRl on unattached 
kinetochores, both in coichicines-treated and non-treated cells 
(Fig. 2A.B). 
CLIP-190 localisation to unattached kinetochores 
depends on the dynein-dynactin complex, Lisi and Rod, 
but is independent of an active spindle checkpoint 
CLIP-190 localisation to unattached kinetochores is similar to 
that of proteins involved in the spindle checkpoint. To test 
whether activation or inactivation of the checkpoint pathway 
regulates localisation of CLIP-190. S2 cells were depleted for 
the checkpoint protein MadI by RNAi. We chose Madl 
because its depletion was recently shown to effectively 
inactivate the spindle checkpoint in mammalian cells - without 
Fig. 3. CLIP- 190 localisation to 
kin chore'. requires the dyncin 	A 	 merge 
complex. (A) The proportion of CLIP-190 on kinetochor 
cells ha'. i,i CLIP- .lP 190 on at least 	100 
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-  
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	 __________________ 
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robustly to kinetochoie', C) S2 	 0 	Z 
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iitiiiiitiio'.tiined with CLIP- 190 after 	E 	 F 
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and poles alter sanadaie treatment. Bars. 10 urn. 
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CLIP-190 did not affect the localisation of CLIP-190 to 
inicrotubule plus-ends in interphase, indicating the 
involvement of distinct mechanisms. To understand how CLIP-
190 localises to microtubule plus-ends, we first examined the 
spatial relationship of CLIP-190 with EBI. another 
microtubule plus-end-tracking protein. Although these proteins 
represent two major families of microtubule plus-end-tracking 
proteins, their exact localisation relative to each other has not 
been examined. For this purpose, we raised an anti-CLIP-190 
antibody in sheep to allow simultaneous staining with a rabbit 
anti-EB I antibody. We found that the localisation of the two 
proteins to microtubule plus-ends substantially overlapped, 
although not completely (Fig. 4A). Compared to EBI. which 
stained as a comet, CLIP-190 gave more punctate staining and 
appeared to have a longer tail. By contrast, there was distinct 
localisation of the proteins during mitosis (Fig. 4B). EB1 
mainly localised to spindle and astral microtubules with no 
accumulation at kinetochores. whereas CLIP-190 localised to 
spindle microtubules only weakly and showed strong 
kinetochore accumulation. 
The CAP-Gly domain of CLIP-1 90 directly interacts with 
E131 
Since CLIP- 190 and EB! show overlapping localisation to 
microtubule plus-ends, and we have previously shown that 
CLIP-l90 from S2 cell extracts can bind to EB1 (Rogers et al., 
2004), we tested for direct physical interaction by expressing 
these two proteins in bacteria. CLIP-190 and its mammalian 
homologues have three separate domains (Fig. 4C): the N- 
Fig. 4. The plus-end localisation of CLIP-I 90 
depends on LB I. S2 cells were immunostained 
with antibodies aeainst LB I. CLIP - I 90 and u-
Luhulin. (A) Colocal isation of Ct.l P-I 90 and FBI 
to the microtuhule plus-ends during interphase. 
Both proteins accumulate near microtuhule plus-
ends and weakly localise along the microtuhulcs. 
The region marked with a rectangular box is 
magnified below each panel. (B) Distinct 
localisation of CLIP-I 90 and EB I in mitosis. 
CLIP- 190 localises to the kinetochores at 
prometaphase. whereas LB I localises to spindle 
and aster microtuhules without accumulation at 
kinetochores. (C) Conserved domain structure  of 
CLIP- 190. CLIP- 190 has two CAP-Gl\ dnains 
in its N-terminus, followed by a coiled -cod 
region and two zinc finger motifs in its C- 
 terminus. Subregions of CLIP-I 90 shoss ii here 
were expressed in bacteria as GST-fusion 
proteins. (D) Physical interaction between CLIP-
190 and EB I. GST-tagged subdomains of CLIP-
190 and GST alone were expressed in bacteria 
and bound to glutathione heads. Alter washing, 
the beads were incubated in bacterial lysates 
containing MB P-LB I or MB P alone (to control 
for the MBP-part of the fusion protein). The 
glutathiorie beads were washed again and 
analysed by ininiunoblotting using an MBP 
antibody. The N-terminal domain (CAP-GIs 
domain) of CLIP- I 90 directly interacts with 
LB I. (L) Delocalisation of CLIP- I 90 in LB I 
depleted cells. S2 cells were immunostaned 
CLIP- 190. i-tuhulin and LB I after LB 
depletion. The region marked with a bs\ 
magnified below each panel. Localisatie 
CLIP- 190 to mierotuhule plus-ends was 
abolished (compare with A). (F) The propuni ii 
of cells with CLIP- 190 at microtubule plus-end , 
after control and LB I RNAi (n= 100 cells scored 
each). Grey boxes indicate robust localisation of 
CLIP- 190 to niicrotuhule plus-ends. whereas 
open boxes indicate a greatly reduced signal. (G 
The localization of CLIP-190 to unattached 
kinetochores is unaf'f'ected in EBI RNAi. S'_ celL 
were immunostained fir DNA. CLIP-190 and 
EBI after EBI depletion. CLIP-190 was still he 
seen on unattached kinetochores in LB I RNA[ 
arrowheads: compare with B Bars. 10 .& iii 
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affecting other mitotic parameters such as transition time 
(Meraldi et al., 2004). As Madl homologues had not 
previously been identified in Drosophila, we searched the 
Drosophila genorne and found one putative Madi homologue 
(CG2072/TXBP181-like) as judged by homology and its 
coiled-coil structure prediction. RNAi of this gene resulted in 
a checkpoint-defective phenotype. a low mitotic index in an 
asynchronously growing cell population. lagging 
chromosomes and chromosome bridges in late anaphase or 
telophase, and a failure to accumulate mitotic cells after 
overnight colchicine treatment (supplementary material Fig. 
S3). In these checkpoint-defective cells. CLIP-190 showed 
kinetochore signals in prometaphase cells at levels comparable 
to those in control cells (Fig. 3A). both with and without 
coichicine treatment. To further confirm checkpoint 
independent localisation of CLIP-l90, BubRl was depleted by 
RNAi and then cells were simultaneously stained with both 
CLIP-190 and BubRi antibodies. In control cells, the spindle 
checkpoint was functional and both BuhRl and CLIP-190 
localised to unattached kinetochores (Fig. 313). RNAi of 
BubRl resulted in a checkpoint-deficient phenotype 
(supplementary material Fig. S4) but CLIP-190 still localised 
to unattached kinetochores. despite BuhRl being undetectable 
at the same kinetochores (Fig. 313). These results indicate that 
a functional spindle checkpoint is not required for the 
localisation of CLIP-190 to the kinetochores. 
To investigate the molecular requirements for the 
kinetochore localisation of CLIP-190, various kinetochore 
proteins were depleted by RNAi and the CLIP-190 localisation 
was examined in colchicine -arrested mitotic cells. We found 
that the localisation to kinetochores was abolished or greatly 
reduced, without altering the level of CLIP-190 protein, by 
depletion of Rough deal (Rod) (a subunit of the Rod-ZW1O-
Zwilch checkpoint complex), dynein heavy chain (Dhc), 
dynein intermediate chain (Die). pl50h  (a dynactin subunit) 
or Lisi (Fig. 3C.D) Depletion of CENP-meta (the CENP-E 
homologue) had no effect on CLIP-190 localisation (Fig. 3D). 
Since the kinetochore proteins required for localisation of 
CLIP-190 are components of the dynein-dynactin complex or 
associated proteins, we examined the requirement of other 
putative dynein interactors: the NudE homologue (CG8 104). 
NudC (CG9710) and a protein sharing sequence similarity to 
NudC that we here call NudC-like (CG3 1251). Depletions of 
these three proteins by RNAi did not affect kinetochore 
localisation of CLIP-190 (Fig. 3D). 
In all the above depletion experiments. CLIP-190 
localisation to microtubule plus-ends of cells not treated with 
colchicine was not affected (data not shown), indicating that 
distinct mechanisms are involved in localising CLIP-190 either 
to kinetochores or to microtubule plus-ends. 
Hierarchical relationships among proteins localising to 
unattached kinetochores 
Our results show that CLIP-190 localisation to kinetochores 
requires dynein-dynactin. Lis 1 and Rod. Among these proteins, 
some physical and dependency relationships were reported by 
several studies using overexpression of dominant negative 
proteins or mutational analysis in Drosophila (Dujardin et al.. 
1998: Starr et al.. 1998; Coquelle et al.. 2002). To clarify the 
relationship among these proteins, we depleted Rod, p150'". 
Die. Dhc. Lis 1 or CLIP- 190 by RNAi. and immunostained with 
Rod. Die and CLIP-190 antibodies (Fig. 3E). In each case, 
depletion did not affect the amount of the other proteins (data 
not shown). 
Rod depletion abolished localisation of all other proteins. 
but Rod localisation itself was independent of the presence of 
all other proteins. Localisation of CLIP-190 to kinetochores 
depended on all proteins tested, whereas localisation of any of 
the other proteins was not affected by CLIP-190 depletion. On 
the other hand, depletion of Dhc. Dic, pl50' t '' and Lisi 
abolished kinetochore localisation of Die and CLIP-190. but 
not that of Rod protein, indicating that the dynein-dynactin 
complex and Lis] link Rod and CLIP-190. Interestingly. we 
found that LisI depletion abolished localisation of dynein (Die) 
to kinetochores. A requirement for Lisl in dynein kinetochore 
localisation has so far not been shown in any system. Since 
Lisl kinetochore localisation depends on dynein in mammalian 
cells (Coquelle et al., 2002). Lis] and dynein may be mutually 
dependent on each other for their localisation. 
In conclusion, our RNAi analysis revealed co-dependency of 
recruitment to kinetochores. with Rod protein first, followed 
by dynein-dynactin and Lis 1, and then CLIP-190. Our results 
also indicate for the first time that LisI is essential for dynein 
localisation to kinetochores. 
Involvement of dynein ATPase activity in the removal of 
CLIP-190 from attached kinetochores 
Next, we examined how CLIP-190 is removed from 
kinetochores upon microtubule attachment. It has been 
proposed that dynein motor activity is responsible for 
removing some kinetochore proteins, such as Rod and CENP-
E. from attached kinetochores by transporting them along 
microtubules (Howell et al., 2001). Although a physical 
interaction between dynein-dynactin and CLIP-170 has been 
reported (Kornarova ci al.. 2002: Lansbergen et al.. 2004), the 
removal of CLIP-190 or other homologues from attached 
kinetochores by dynein has not been investigated. 
To test this possibility, we used sodium ortho-vanadate to 
inhibit the motor activity of dynein. as depletion of dynein 
abolishes CLIP-190 localisation in the first place (Fig. 3F). S2 
cells were treated with 100 i.M vanadate for 4 hours and 
immunostained with dynein and CLIP-190 antibodies. As we 
expected, vanadate treatment did not prevent dynein localisation 
to kinetochores. but resulted in an abnormal accumulation of 
dynein on kinetochores of aligned chromosomes. in addition, 
dynein was found to accumulate along spindle microtubules and 
especially at the spindle poles. In vanadate treated cells. CLIP-
190 exactly colocalised with dynein at the kinetochores of 
aligned chromosomes as well as along spindle microtubules and 
the poles. Although the effect of vanadate on dynein localisation 
was not completely penetrant and vanadate probably has 
multiple targets. CLIP-190 mislocalisation was tightly 
correlated to that of dynein. This suggests that inhibition of 
dynein motor activity is the primary cause for the failure of 
CLIP-190 removal from attached kinetochores. 
EB1 and CLIP-11 90 show overlapping localisation to 
microtubule plus-ends 
Depletion of proteins required for kinetochore localisation of 
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terminal region consisting of two CAP-Gly domains 
(the microtubule-binding domain), the C-terminal 
region containing zinc finger motifs (the putative 
cargo binding domain), and the long coiled-coil 
region which connects these two domains (the linker 
domain). The N-terminal domain (CLIP-190-N). C-
terminal domain (CLIP- 190-C) and part of the coiled-
coil region (CLIP-190-cc) were expressed in bacteria 
as proteins fused with GST (glutathione-S 
transferase). After purification, each GST fusion and 
also GST alone was incubated with bacterially 
produced EB 1 fused with MBP (maltose-binding 
protein) or MBP alone. MBP-EB1 and MBP bands 
were weakly present in all pull-down assays but a 
large amount of MBP-EB1 was pulled down only by 
GST-CLIP-190-N (Fig. 4D). These results 
demonstrate that the CAP-Gly domain of CLIP-190 
directly interacts with EB I. 
Localisation of CLIP-190 to microtubule plus-
ends depends on EB1 
The physical interaction between these two proteins 
prompted us to examine their localisation 
dependencies. For this purpose. EB1 or CLIP-190 
were depleted from S2 cells by RNAi and 
immunostained with antibodies against EB1. CLIP-
190 and s-tubulin. Immunoblots indicated that more 
than 90% of the target proteins were depleted 6 days 
after the addition of dsRNA. In both cases the levels 
of the other protein were not altered (data not shown). 
Depletion of CLIP-190 did not affect EB1 
localisation to microtubule ends (data not shown). 
However, depletion of EB 1 abolished the localisation 
of CLIP-190 to plus-ends of iriterphase microtubules 
(Fig. 4E.F), although a substantial proportion of 
microtubules were still growing under these 
conditions. By contrast, mitotic localisation of CLIP-
190 to kinetochores was not affected by EB1 
depletion (Fig. 4G). consistent with their distinct 
localisation during mitosis. In summary. CLIP-190 
physically interacts with EB 1 and localises to 
microtubule plus-ends in an EB 1-dependent manner. 
Cell-cycle regulation of CLIP-190 localisation 
Simultaneous visualisation of CLIP-190 and EB1 
allowed us to examine the cell-cycle regulation of 
CLIP-190 localisation to microtubule plus-ends. We 
noticed that CLIP-190 localisation to microtubule 
plus-ends is greatly attenuated during mitosis (cells 
on the left in Fig. 5A: Fig. 5B lower panels) compared 
with interphase (cells on the right in Fig. 5A Fig. 5B 
upper panel). By contrast. EB1 localisation to 
microtubule plus-ends during mitosis was 
comparable to that observed in interphase (Fig. 5A). 
For further analysis. we quantified the intensity of the 
signals on microtubule plus-ends at each cell-cycle 
stage (Fig. 5C). The graph shows that CLIP-190 
levels at plus-ends decreased dramatically at the 
beginning of mitosis but started to recover during 
C 	Intensity at MT plus ends 
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Fig. 5. The cell-cycle regulation of microtubule plus-end localisation. 
A.B I S2 cells were stained simultaneously for FBI and CLIP- I 90. (A) The 
CLIP- I 90 signal at niicrotuhule plus-ends (either interphase or astral 
microtuhules) is strong in interphase but very weak in mitosis. By contrast. 
the LB I signal is constant in both mitosis and interphase. Bar. 10 ini. 
(B) Higher magnification images of interphase (upper panels) and mitotic 
cells (lower) marked by the squares in A. C) Cell-cycle change of CLIP-l90 
and FBI localisation to microtuhule plus-ends. The plus-end signal-intensity 
relative to background was measured for each cell-cycle stage (a total often 
microtuhules from three different cells were scored for each mitotic stage) 
and is shown as a circle with the standard deviation represented by vertical 
bars. CLIP-190 dissociates from microtuhule plus-ends during mitosis. 
(D) Levels of FBI and CLIP- 190 at microtuhule plus-ends in mitotic cells 
after control (n=30 niicrotuhules from three different cells) and Dhc (n= 18 
microtuhules from three different cells) RNAi. In Dhc-depleted cells. CLIP-
19)) does not localise to kinetochores. but still dissociates from microtuhule 
plus-ends during mitosis. (F) Cell-cycle regulation of CLIP- 190 localisation. 
Molecular requirements for CLIP- 190 localisation during the cell cycle are 
illustrated. During interphase. CLIP- I 90 localises to microtuhule plus-ends 
in an EB I-dependent manner. The association of CLIP- 190. but not LB I. to 
microtuhule ends is greatly reduced during mitosis. Instead. CLIP-190 is 
localised to unattached Linetochores in mitosis. This localisation depends on 
dynein-dynactin and Lis I. Dnein-dynactin and LisI localisation are 
mutually dependent on each other. and both depend on Rod. Upon 
attachment to niicrotuhules. CLIP-190 is removed from kinetochores by the 
motor-activity of dynein. 
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telophase. By contrast, EB 1 levels remained unchanged during 
the cell cycle. Therefore, the association of CLIP-190 to 
microtubule plus-ends appears to be cell-cycle-regulated. 
However, this cell-cycle-dependent localisation might be 
mediated simply by sequestration of CLIP-190 by kinetochores 
during mitosis. The two following experimental results 
excluded this possibility. First. CLIP-190 localisation to 
microtubule plus-ends was not recovered until telophase. 
although CLIP-190 kinetochore localisation was lost at 
metaphase (Fig. 5C). Secondly, the depletion of dynein-
dynactin. Rod or LisI abolished CLIP-190 localisation to 
kinetochores. but did not restore CLIP-190 localisation to plus-
ends of astral microtubules during mitosis (Fig. SD). EB I 
localisation to the plus-ends of astral microtubules was not 
affected by depletion of these proteins. We therefore conclude 
that CLIP-190 association to microtubule plus-ends is cell-
cycle-regulated. 
Discussion 
The CLIP family of proteins is implicated in regulating 
microtubule dynamics and linking microtubule plus-ends with 
other cellular structures (Galjart and Perez. 2003). To 
understand these functions, it is crucial to elucidate where and 
how these proteins localise within cells. Here, we studied the 
molecular mechanisms of CLIP-190 localisation using RNAi 
in Drosophila cells, rather than using the expression of 
dominant proteins, to gain a clearer and more comprehensive 
view. The study revealed that distinct, cell-cycle-dependent 
mechanisms localise CLIP-190 to microtubule plus-ends and 
unattached kinetochores. 
Akhmanova ci al.. 2001: Coquelle et al.. 2002: Tai et al., 2002: 
Ligon et al.. 2003; Subramanian et al.. 2003: Lansbergen et al.. 
2004: Rogers et al., 2004: Mimori-Kiyosue et al.. 2005). It is 
an exciting challenge to understand the regulatory network 
acting on microtubule plus-ends. 
In addition, we found that the association of CLIP-190 to 
microtubule plus-ends is greatly reduced during mitosis. This 
is in contrast to EBI, which is associated with plus-ends 
throughout the cell cycle. This cell-cycle-regulation has not 
been described in other systems, possibly because of a lack of 
co-examination with EB 1. allowing us to conclude that it is not 
the consequence of a change in microtubule dynamics. It might 
be possible that CLIP-190 is modified during the cell cycle. 
Since EBI is essential for CLIP-190 localisation to 
microtubule ends. EB 1 activity or interaction between EB I and 
CLIP-190 might also be regulated. Alternatively, other 
inhibitory proteins might be activated during mitosis to 
attenuate CLIP-190 association with microtubule ends. 
Phosphorylation of the EBI homologue mal3p and its 
inhibitory effects on the interaction with the CLIP-190 
homologue tip lp have been shown in fission yeast (Busch and 
Brunner. 2004). It remains to be examined whether this 
phosphorylation is cell-cycle-regulated. Cell-cycle regulation 
might be important for releasing CLIP-190 for kinetochore 
function or preventing the plus-end-binding activity from 
interfering with CLIP- 190 function at kinetochores. This report 
is the first to describe the cell-cycle regulation of the plus-end-
binding of CLIP proteins. Elucidation of the precise 
mechanism and significance of this regulation may lead to 
further understanding of the temporal and spatial regulation of 
microtubules in cells. 
CLIP-190 localisation to microtubule plus-ends in 
interphase 
CLIP and EBI proteins are two major families of microtubule 
plus-end-tracking proteins. This study is the first demonstration 
of both a physical interaction and localisation-dependency 
between CLIP and EB I proteins in higher eukaryotes. We 
show that CLIP-190 requires EBI to localise to microtubule 
plus-ends, and that it directly interacts with EB1 through its 
CAP-Gly domain, which also binds to microtubules (Pierre et 
al.. 1992). Considering that this has previously been reported 
for fission yeast homologues (Busch and Brunner. 2004), our 
findings demonstrate that this interaction and dependency are 
conserved among eukaryotes. The most obvious interpretation 
would he that EB I simply bridges rnicrotubule plus-ends and 
CLIP-190. However, we think this may not be the case. First, 
CLIP-l70 has been shown to bind directly to microtuhule plus-
ends in vitro (Diarnantopoulos et al.. 1999). Secondly, our 
localisation studies show incomplete overlapping of the two 
proteins on microtubule plus-ends. Also, other EB I interacting 
proteins, such as RhoGEF2 and the spectraplakin Short stop, 
which both require EBI for their localisation to microtubule 
plus-ends (Rogers ci al., 2004: Slep et al.. 2005), show distinct 
localisation from that of EB I. Therefore, it is more likely that 
EB 1 acts as a loading factor for these proteins, rather than a 
simple bridge. In addition, it seems that multiple microtubule 
plus-end-binding proteins, such as CLIPs, CLASPs. pl50. 
EB1. Lis I. Dynein. Short stop. APC and RhoGEF2. directly 
interact with each other and with microtubules (Su et al.. 1995: 
CLIP-1 90 localisation to unattached kinetochores 
CLIP-l90 localises to unattached kinetochores in mitosis. The 
localisation of CLIP proteins to kinetochores has been shown 
in mammalian. Drosophila and budding-yeast cells (Dujardin 
et al., 1998: Lin et al.. 2001; Maiato et al., 2002). Studies of 
CLIP-170 localisation to kinetochores in mammalian cells 
suggest an intricate physical and functional relationship with 
the dynein-dynactin complex. CLIP-170 binds directly to and 
requires Lis] for kinetochore localisation. In turn. Lisi 
interacts with multiple subunits of dvnein-dynactin and is 
displaced from kinetochores when the motor complex is 
disrupted (Coquelle et al.. 2002: Tai et al.. 2002). Most of these 
studies relied on the overexpression of dominant-negative 
proteins. 
RNAi in Drosophila culture cells has been demonstrated to 
he very efficient and robust (Clemens ci al.. 2000). In our and 
others' experiences. RNAi has been shown to knock down 
target protein expression in all cases where depletion was 
checked. In most experiments of this study, we confirmed 
effective depletion by iminunoblotting or through the induction 
of specific cellular defects (see supplementary material Fig. 
S2). Therefore, we are confident of efficient depletion by RNAi 
in most, if not all, of our cases. The ease of RNAi enabled us 
to study the requirement for CLIP-190 localisation in a more 
systematic manner. Reassuringly, our results using RNAi 
generally confirmed the previous observations deduced from 
overexpression of dominant-negative proteins. 
However, we found a previously unreported dependency. 
CLIP-190 localisation in the cell cycle. 3789 
namely the requirement of Lis 1 for dynein localisation to 
kinetochores. In mammalian cells, dynein is required for Lisi 
localisation, whereas the overexpression of full-length or 
truncated Lisi does not prevent dynein localisation to 
kinetochores (Tai et al., 2002). These results lead to the idea 
that Lisi might be an auxiliary protein that bridges the dynein 
complex to cargo proteins. Our RNAi results clearly indicate 
that Lisi is required for dynein localisation to kinetochores. 
Combined with previous results, Lisi and dynein seem to 
depend on each other for their localisation. This is the first 
report of such dependency in any eukaryote, and it gives the 
Lisi protein a more integral part in dynein function. 
Our results also suggest that microtubule attachment directly 
removes CLIP-190 from kinetochores rather than through 
spindle-checkpoint signalling. Dynein seems to be responsible 
for the removal of CLIP-190 from kinetochores in addition to 
its role in localising CLIP-190 to kinetochores. It has been 
shown that dynein removes several kinetochore proteins along 
microtubules upon the attachment of microtubules (Howell et 
al., 2001; Wojcik et al., 2001). Our study provides the first 
evidence that a member of the CLIP family also utilises 
dynein-motor-activity to leave attached kinetochores. 
Interestingly, we found that unlike in interphase, EB 1 is not 
required for the mitotic localisation of CLIP-190 to unattached 
kinetochores. This is intriguing in the light of recent evidence 
that EB1 associates with attached kinetochores when the 
kinetochore microtubules are polymerizing (Timauer et al., 
2002). 
In conclusion, our results indicate that CLIP- l90localisation 
is regulated during the cell cycle and requires distinct 
mechanisms in mitosis and interphase (Fig. 5E). Spatial and 
temporal regulation of CLIP-190 localisation probably play 
crucial roles in the regulation of microtubule dynamics and 
their interaction with other cellular structures. 
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A pre-anaphase role for a Cks/Sucl in acentrosomal 
spindle formation of Drosophila female meiosis 
Neil I. Pearson, C. Fiona Cullen, Nikola S. Dzhindzhev & Hiroyuki Ohkura 
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Edinburgh, UK 
Conventional centrosomes are absent from a female meiotic 
spindle in many animals. Instead, chromosomes drive spindle 
assembly, but the molecular mechanism of this acentrosomal 
spindle formation is not well understood. We have screened 
female sterile mutations for defects in acentrosomal spindle 
formation in Drosophila female meiosis. One of them, remnants 
(rem), disrupted bipolar spindle morphology and chromosome 
alignment in non-activated oocytes. We found that rem encodes 
a conserved subunit of Cdc2 (Cks30A). As Drosophila oocytes 
arrest in metaphase I, the defect represents a new Cks function 
before metaphase—anaphase transition. In addition, we found that 
the essential pole components, Msps and D-TACC, were often 
mislocalized to the equator, which may explain part of the 
spindle defect. We showed that the second cks gene cks85A, 
in contrast, has an important role in mitosis. In conclusion, 
this study describes a new pre-anaphase role for a Cks in 
acentrosomal meiotic spindle formation. 
Keywords: Cdk; chromosome; meiosis; microtubule; Msps 
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INTRODUCTION 
Spindle formation in female meiosis is unique in terms of the 
absence of conventional centrosomes (McKim & Hawley, 1995). 
Instead, chromosomes have a central role in the assembly of 
spindle microtubules. This acentrosomal (also called acentriolar 
or anastral) spindle formation is common in female meiosis for 
many animals including mammals, insects and worms. Despite 
potential medical implications, this spindle formation is much less 
studied than centrosome-mediated spindle formation in mitosis. 
Drosophila provides a valuable tool to study the acentrosomal 
spindle formation in vivo. Unlike many other species, mature 
non-activated Drosophila oocytes arrest in metaphase of meiosis I 
until ovulation, which coincides with fertilization (Mahowald & 
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Kambysellis, 1980). This provides a unique opportunity to study 
spindle formation, without interference from chromosome 
segregation or meiotic exit. 
We have previously identified two components of acentro-
somal spindle poles, Msps and D-TACC, which physically interact 
and are crucial for spindle bipolarity (Cullen & Ohkura, 2001). 
Other studies have identified essential components for spindle 
formation, such as kinesin-like proteins (Ncd and Sub; Endow 
eta!, 1990; McDonald eta!, 1990; Giunta et a!, 2002), 'y-tubulin 
(Tavosanis et a!, 1997) and a membrane protein surrounding the 
spindle (Axs; Kramer & Hawley, 2003). Some of these spindle 
components are probably modulated by cell-cycle regulators, but 
our knowledge of the regulation is limited. To identify essential 
components and regulators, we carried out a cytological screen 
for mutants defective in acentrosomal spindle formation of 
non-activated oocytes. 
Through the screen, we identified remnants and found that it is 
a mutant of a Drosophila Cks/Sucl homologue, Cks30A. Cks is the 
third subunit of the Cdc2 (Cdkl)—cyclin B complex, but the role 
of Cks is less clearcut than that of other subunits of the complex. 
It is implicated in entry into mitosis/meiosis, metaphase—anaphase 
transition, exit from mitosis/meiosis and inactivation of Cdk 
inhibitors (Patra & Dunphy, 1996; Polinko & Strome, 2000; 
Ganoth eta!, 2001; Spruck eta!, 2001, 2003). Here, we show that 
Cks30A is required for spindle morphogenesis and chromosome 
alignment in the metaphase I spindle in arrested mature oocytes. 
This requirement of a Cks before metaphase—anaphase transition 
represents a new function that has not previously been identified. 
Furthermore, we found that essential spindle pole components 
Msps and D-TACC mislocalize in the mutant, which may be partly 
responsible for the spindle defects. 
RESULTS 
Screening for spindle mutants in female meiosis 
For molecular analysis of the acentrosomal spindle in Drosophila 
female meiosis, we screened female sterile mutants for spindle 
defects in non-activated oocytes. Female sterile mutants on the 
second chromosome have previously been isolated (Schupbach & 
Wieschaus, 1989). We focused on classes of mutants that lay eggs 
that do not develop beyond the blastoderm stage (class 1 and 2 
in Schupbach & Wieschaus, 1989). This category of mutants 
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Fig 1 I Molecular identification of the remnants gene. (A) Deficiency 
mapping of the rem gene. The rem gene is located within the 175 kb 
region (grey boxes). (B) Physical map around the rem gene. The arrows 
represent the predicted genes in the region. One gene (cks3OA) contains 
a missense mutation. (C) Sequence comparison among Cks homologues. 
At, Arabidopsis thaliana; Dm, Drosophila melanogaster, Hs, Homo 
sapiens; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe. 
includes known meiotic mutants affecting spindle formation, such 
as fs(2)TW1 (y-tubulin 37C; Tavosanis et a!, 1997) and subito 
(a kinesin-like protein; Giunta et a!, 2002). 
As many of the stocks gained background lethal mutations, we 
recombined them out or placed them over appropriate deficien-
cies (large chromosomal deletions) before examination. Non-
activated oocytes from each mutant were dissected from mature 
adult females, and spindle and chromosomes were stained using 
ce-tubulin antibody and DAPI. This study focused on one of 
the mutants, remnants' (rem' or rem 74), which showed an 
abnormal spindle and chromosome misalignment (see below). 
Molecular identification of the remnants gene 
For understanding the molecular role, we determined the identity 
of the remnants (rem) gene. The rem gene was previously mapped 
to 30A-C using a deficiency (Df(2L)30AC; Schupbach & 
Wieschaus, 1989). We confirmed spindle defects in rem over 
the deficiency. Further deficiency mapping located the rem' 
mutation between the left breakpoints of two deficiencies, 
Df(2L)N22-3 and Df(2L)gamma7 ( Fig 1A). As these breakpoints 
had been mapped only cytologically, we physically mapped them 
more precisely (data not shown). To further narrow the region, we 
used synthetic deficiencies that have defined breakpoints (Colic & 
Colic, 1996). They were created either by us—using stocks 
obtained from the Drosdel project—or by Exelixis. Complementa-
tion tests using these deficiencies limited the location of the rem 
gene to within a 175 kb region (Fig 1A). 
We amplified and sequenced all predicted coding regions and 
splicing junctions within the region from the rem' mutant. We 
found one missense mutation in the gene CG3 738 (cks, hereafter 
called cks3OA; Finley & Brent, 1994). There were no other 
mutations within coding sequences and splicing junctions in the 
region. In addition, we tested the amount and size of the 
D 100 	Normal 	Chromosome 	Spindle defects 
misalignment 
	
0-0  01flnn P I F1 11 
+ rem rem 	rem rem 	+ rem rem 
,- rem Of i rem Of rem Of 
Fig 21 CkS30A is essential for spindle morphogenesis and chromosome 
alignment. The spindle and chromosomes in non-activated oocytes were 
visualized by immunostaining in wild type (A) and in the rem' mutant 
(B,C). Spindle abnormality and chromosome misalignment in the rem' 
mutant. The arrowheads in (B,C) indicate a mispositioned/misorientated 
chromosome and an ectopic spindle pole formed near the equator, 
respectively. Spindles are longer in the rem + mutant (21.1 ± 5.7 rim) than 
in wild type (14.7 ± 5.8 lam). (D) Quantification of the spindle and 
chromosome defects in wild type (+ / +), rem' homozygotes (rem/rem) 
and hemizygotes (rem/DO. Between 29 and 135 spindles were counted 
for each genotype. The differences between wild type and rem' 
homozygotes (or hemizygotes) are significant (P<0.001), whereas the 
differences between rem homozygotes and hemizygotes are not 
(P=0.84). Scale bar, 10 lam. 
transcripts that are known to be expressed in adult females, and 
found no differences between rem and wild type (data not shown). 
Cks30A is one of two Drosophila homologues of Saccharo-
myces cerevisiae Cksl/Schizosaccharomyces pombe Suci, a 
conserved subunit of the Cdc2 (Cdkl )/cyclin B complex, and 
has been shown to interact with Cdc2 (Finley & Brent, 1994). The 
mutation in rem' results in a conversion of the 61st amino acid 
from proline to leucine. This proline is completely conserved 
among all Cks homologues (Fig 1 C), further confirming that the 
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mutation is not a polymorphism. Crystal structure analysis has 
	
DNA 
indicated that this residue forms part of the interaction surface 
with Cdc2 (Bourne eta!, 1996). lmmunoblots using an anti-human 
Cksl antibody indicated that this mutation disrupts the stability of 
the Cks30A protein (see below). 
Cks30A is essential for metaphase I in female meiosis 
To explain the role of Cks30A, we focused our analysis of the rem' 
mutant on non-activated oocytes, which arrest in metaphase I. 
Non-activated oocytes were dissected from wild type and the 
rem' mutant, and chromosomes and spindles were visualized by 
immunostaining. 
In wild type, non-activated mature oocytes contain a single 
bipolar spindle around chromosomes. Bivalent chromosomes 
align symmetrically with chiasmatic chromosomes at the equator 
and achiasmatic chromosomes that are located nearer the poles 
(Fig 2A). The rem' mutant was able to enter meiosis, condense 
chromosomes and assemble microtubules around chromosomes. 
However, only a minority of spindles showed normal spindle 
morphology and chromosome alignment. 
The most prominent defect in the rem' mutant was chromo-
some misalignment. This defect was observed in about a half of 
the spindles (Fig 2D). Even in the cases in which the spindle 
remained well organized, chiasmatic chromosomes often moved 
away from the equator and lost overall symmetrical distribution 
(Fig 213). The second class of defect in the rem' mutant was 
abnormal spindle morphology. Although the abnormality varied 
from spindle to spindle in the rem' mutant, the most typical defect 
was the formation of ectopic poles near the spindle equator 
(Fig 2C). The focusing of spindle poles seemed to be unaffected. 
Further quantitative analysis showed no significant difference 
between the phenotypes of rem' homozygotes (rem'/rem') and 
hemizygotes (rem'/Df). This indicates that the rem' mutation is 
genetically amorphic. A recent independent study has indicated 
that another weaker allele rem 24 (Schupbach & Wieschaus, 
1989) shows similar abnormalities at a lower frequency (Swan 
eta!, 2005). 
These results indicate that Cks30A is required before the 
metaphase—anaphase transition for spindle morphology and 
chromosome alignment. 
Cks30A is essential for proper localization of Msps 
To gain an insight into the spindle defects in female meiosis, we 
examined the localization of Msps. Msps protein belongs to a 
conserved family of microtubule regulators, including XMAP215, 
and is the first protein identified at the acentrosomal poles in 
Drosophila ( Cullen & Ohkura, 2001; Ohkura eta!, 2001). An msps 
mutation often leads to the formation of a tripolar spindle in 
female meiosis I. 
In wild type, Msps protein is accumulated at the acentrosomal 
poles of the metaphase I spindle in female meiosis (Fig 3A), 
although the localization sometimes spreads to the spindle 
microtubules. In the rem' mutant, although the Msps protein is 
still concentrated at the poles, it is often accumulated around the 
equator of the spindle (Fig 313). Mislocalization of this important 
pole protein to the equator in the rem' mutant may sometimes 
lead to the formation of ectopic spindle poles near the equator. 
We have previously shown that Msps localization is dependent 
on another pole protein D-TACC, which binds to Msps (Cullen 
DNA 	 M.rq' 
Fig 31 Mislocalization of Msps and D-TACC in the cks30A mutant. 
(A) Localization of Msps protein to the spindle poles (the arrowheads) in 
wild type (wt). (B) Mislocalization of Msps protein to the spindle equator 
(the arrowhead) in the rem' mutant. (C) Localization of D-TACC to the 
spindle poles (the arrowheads) in wild type. (D) Mislocalization of 
D-TACC to the spindle equator (the arrowhead) in the rem' mutant. 
(E) Concentration of cyclin B at the spindle equator in wild type. 
Scale bar, 10 jam. 
& Ohkura, 2001). To test whether D-TACC also mislocalizes, we 
examined the localization of D-TACC in the rem' mutant. In wild 
type, D-TACC is highly concentrated at the acentrosomal poles 
(Fig 3C). In the rem' mutant, D-TACC often accumulated at the 
spindle equator (Fig 3D), although it is still concentrated around 
the poles to some degree. 
In summary, Cks30A is required for correct localization of the 
essential pole proteins, Msps and D-TACC. 
Cyclin B is concentrated at the spindle equator 
To gain an insight into how the defect in the Cdc2 complex leads 
to Msps or D-TACC mislocalization to the spindle equator, we 
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studied the localization of cyclin B. Cyclin B is considered to 
be the main determinant of the activity and cellular localization 
of the Cdc2 complex. Immunostaining in non-activated oocytes 
showed that cyclin B is localized to the metaphase I spindle, with 
a concentration around the spindle equator (Fig 3E). This cyclin B 
localization could suggest a possible regulatory role of the Cdc2 
complex in the transport of Msps and D-TACC from the spindle 
equator to the poles. The cyclin B localization is not affected 
in the rem mutant, suggesting that Cks30A mainly affects the 
substrate specificity of the Cdc2 complex, as shown in other 
systems (Patra & Dunphy, 1998). 
Two Drosophila Cks homologues 
The Drosophila genome contains one more predicted cks 
homologue (CG9790), which we called cks85A. Although 
mammalian genomes also have two Cks genes, they are more 
similar in sequence to each other than to either of the two cks 
genes in Drosophila (Fig 4A). 
We next examined the gene expression pattern of the two cks 
genes during Drosophila development. RNAs were isolated from 
various stages of development and analysed by reverse transcrip-
tion—PCR (RT—PCR) using primers that correspond to each of the 
cks genes. cks30A gave strong signals in adult females and 
embryos, whereas it gave only weak signals in adult males, larvae 
and pupae (Fig 413). This maternal expression pattern is consistent 
with the observed female sterile phenotype of the cks30A (rem') 
mutant. In contrast, cks85A signals were obtained more uniformly 
throughout the development without sex specificity in adults 
(Fig 413). In S2 cultured cells, which originated from embryos, 
both genes were well expressed. 
To identify the Cks proteins, we used an anti-human Cksl 
antibody for immunoblots of protein extracts from embryos and S2 
cells. Although the antibody recognized many proteins, two bands 
were detected within a range of molecular weights consistent with 
the Cks proteins (Fig 4C,D). In embryos laid by the rem' mutant, 
the amount of the smaller band was greatly reduced. To further 
confirm their identity, S2 cells were subjected to RNA interference 
(RNAi) using double-stranded RNAs (dsRNAs) corresponding 
to the cks genes. We found that both of the bands disappeared 
when both genes were simultaneously knocked down by RNAi 
(Fig 4D). It indicated that, consistent with our RT—PCR results, 
S2 cells produced both the Cks proteins and that RNAi effectively 
depleted them. 
Cytological analysis showed that cks85A RNAi resulted in a 
significant increase in chromosome misal ignmentlmissegregation 
and spindle abnormality in mitosis after an extended time, 
whereas cks30A RNAi had a lesser impact on mitotic progression 
(Fig SD). About a half of anaphase or telophase cells had lagging 
chromosomes or chromosome bridges after cks85A RNAi (Fig 5A). 
In some cases, spindles contained scattered chromosomes the 
sister chromatids of which were either attached or detached (Fig 513). 
The frequency of multipolar spindles was also increased (Fig 5C). 
The genetic and RNAi results indicated that cks85A has an 
important function in mitotic progression, whereas cks3OA mainly 
functions in female meiosis. 
DISCUSSION 
In this study, we showed a new pre-anaphase function of a Cks 
protein in acentrosomal spindle formation during Drosophila 
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Fig 41 Two Cks homologues in Drosophila. (A) Phylogram of the Cks 
homologues in various organisms. The cores of 66 amino acids were 
compared by ClustalW at EBI. At, Arabidopsis thaliana; Ce, 
Caenorhabditis elegans, Dm, Drosophila melanogaster, Hs, Homo sapiens; 
Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe. 
(B) Expression of the two ck.s genes during Drosophila development. 
RNA was isolated from embryos (E), third-instar larvae (L), early pupae 
(P), adult males, adult females and S2 cells (from left to right). 
Transcripts of cks30A and cks85A were detected from 0.2 Iig of RNA by 
reverse transcription-PCR with 30 cycles. (C) Cks proteins in embryos 
laid by wild type and rem'. Embryos (0-12h) were used for 
immunoblots that were probed with an antibody against human Cksl. 
The lower band is greatly reduced in the rem' mutant. (D) Identification 
of Cks proteins in S2 cells. S2 cells were treated with double-stranded 
RNA corresponding to cks30A and ck585A for 7 days before analysis by 
immunoblots using an antibody against human Cks I. From the left: 
control RNA interference (RNAi; bacterial 13-lactamase), cks30A single 
RNAi, cks85A single RNAi and cks30A cks85A double RNAi. 
female meiosis. Through a cytological screen, we found spindle 
defects in remnants among female sterile mutants and discovered 
that remnants encodes one of two Cks proteins (Cks30A) 
in Drosophila. Cytological analysis showed that Cks3OA is 
required for correct formation of the acentrosomal spindle and 
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Fig 5 MItoLI. abnoriiialitics i1tr 	oA RNA interference. 
(A) Anaphases with lagging chromosomes after cks85A RNA interference 
(RNAi) in S2 cells. (B) Chromosomes are scattered within a bipolar 
spindle after cks85A RNAi. In this case, Sister chromatids have not been 
separated. (C) A tripolar spindle after cks85A RNAi. Scale bars, 10 Rm. 
(D) Statistics of mitotic abnormalities after RNAi of the cks genes in S2 
cells. From the left in each graph: control RNAi (bacterial 13-lactamase), 
cks30A single RNAi, cks85A single RNAi and double RNAi of cks30A and 
cks85A. The mean values and standard deviations from four experiments 
are shown as bars and lines. Shaded bars represent significant differences 
(P<0.02) from control RNAi. 
chromosome alignment in female meiosis I. Our observation on 
mislocalization of the essential pole components, Msps and 
D-TACC, in the mutant provides a molecular insight into a role 
of Cks30A in spindle morphogenesis. 
Cks/Sucl protein is the third subunit of the Cdc2—cyclin B 
complex, which is conserved across eukaryotes (Brizuela et a!, 
1987; Draetta & Beach, 1988). Although it has been known to 
be essential for the cell cycle, the function seems to be less 
straightforward than that of the other subunits of the Cdc2 
complex. One reason is that Cks also interacts with other Cdks and  
has Cdk-independent functions (Ganoth et a!, 2001; Spruck et a!, 
2001). Even if Cks is limited to roles in mitosis/meiosis, Cks 
proteins are implicated in entry into mitosis/meiosis, metaphase—
anaphase transition and also exit from mitosis/meiosis (Patra & 
Dunphy, 1996; Polinko & Strome, 2000; Spruck et a!, 2003). 
Furthermore, the roles of Cks were further complicated by the fact 
that animal genomes encode two Cks homologues. 
Studies in Caenorhabditis elegans and mice showed that one of 
two cks genes is required for female fertility (Polinko & Strome, 
2000; Spruck eta!, 2003). Similarly, our results indicated that one 
of two Drosophila cks homologues, cks30A, is expressed 
maternally and is required for female meiosis. Further analysis 
indicated that Cks30A is required for proper bipolar spindle 
formation and chromosome alignment in mature oocytes arrested 
in metaphase I. In C. elegans, depletion of one of the Cks proteins 
by RNAi results in a failure to complete meiosis I (Polinko & 
Strome, 2000). Similarly, in mice, oocytes from a Cks2 knockout 
cannot progress past metaphase I and a small percentage of 
oocytes show chromosome congression failure (Spruck et a!, 
2003). In both cases, the defects were interpreted mainly as post-
metaphase defects. As Drosophila non-activated oocytes are 
arrested in metaphase I until ovulation, we can distinguish 
pre-anaphase function of Cks30A from possible post-metaphase 
function. Our study clearly showed that Drosophila Cks30A has 
a function in establishing metaphase I, in addition to later 
functions that were reported recently (Swan et al, 2005). 
At the moment, we do not know how the cks30A mutation 
disrupts spindle formation and chromosome alignment in female 
meiosis. It has been thought that a loss of Cks function affects 
the Cdc2 activity towards Lerrain substrates. We found that the 
essential pole components, Msps and D-TACC, mislocalize to the 
spindle equator in the mutant. Previously, we hypothesized that 
Msps is transported by the Ncd motor and anchored to the poles 
by D-TACC (Cullen & Ohkura, 2001). D-TACC localizes to the 
poles independently from Ncd, but may also be transported from 
the spindle equator along microtubules by other motors. Cks30A-
dependent Cdc2 activity may be required for activating the 
transport system at the onset of spindle formation in female 
meiosis. Consistently, we found that cyclin B is concentrated 
around the equator of the metaphase I spindle. Msps is the 
XMAP215 homologue and belongs to a family of conserved 
microtubule-associated proteins (Cullen eta!, 1999; Ohkura et al, 
2001). It is a major microtubule regulator, both in mitosis/meiosis 
and interphase (Card & Kirschner, 1987; Ohkura et al, 2001; 
Brittle & Ohkura, 2005). The mislocalization of this microtubule-
regulating activity could lead to the disruption of spindle 
organization in the mutant. 
METHODS 
Drosophila genetics. Standard techniques for fly manipulation 
were followed (Ashburner, 1989). All stocks were grown at 25 °C 
in standard cornmeal media. w' t18 flies were used as wild type. 
Details of mutations have been described previously (Lindsley & 
Zimm, 1992). Female sterile chromosomes were recombined with 
rucuca chromosome to remove background lethal mutations. 
rem' mutation was kept over CyO. 
Molecular and immunological techniques. Standard molecular 
techniques were followed throughout (Harlow & Lane, 1988; 
Sambrook et a!, 1989). One-step RT—PCR was carried out using 
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Taq polymerase and a reverse transcriptase (Invitrogen, Paisley, 
UK). Non-activated oocytes were prepared for immunostaining, as 
described previously (Cullen & Ohkura, 2001). RNAi was carried 
out as described previously (Brittle & Ohkura, 2005; Dzhindzhev 
et a!, 2005). Mitotic abnormalities were counted after incubating 
with dsRNA for 11-18 days. A human Cksl antibody was 
purchased from Santa Cruz Biotechnology (CA, USA). A Droso-
phila cyclin B antibody (Whitfield et a!, 1990) was obtained from 
Dr W. Whitfield (Dundee, UK). Immunofluorescence microscopy 
was carried out, as described (Brittle & Ohkura, 2005). 
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